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ABSTRACT
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Institution: Purdue University
Degree Received: December 2017
Title: Defining Replication-Coupled Chromatin Assembly Pathways and their Effect on
Silencing and Responses to DNA Damage in Saccharomyces cerevisiae.
Major Professor: Ann Kirchmaier

The genetic information of a cell is organized in a DNA and protein structure
referred to as chromatin. Chromatin consists of repeating units called nucleosomes,
which consists of 147 base pairs of DNA wrapped around an octamer of histone proteins.
These histone proteins are post-translationally modified at specific residues that are
important gene regulation and genomic stability. Altered histone modification patterns
are strongly associated with multiple cancers, underlying the importance of better
understanding the pathways that regulate these modifications. During DNA replication,
chromatin must be disassembled, and then reassembled behind the replication fork.
Defects in this process can cause alterations in these histone modifications. Failure to
properly maintain these histone modifications throughout the cell cycle can lead to
defects epigenetically heritable gene silencing and in responses to DNA damage.
Therefore, we aim to better define these replication-coupled chromatin assembly
pathways and how they influence histone modifications that impact gene silencing and
responses to DNA damage. One such histone modification is acetylation of H4 K16.
Presence of this residue has a preventative effect on the formation of silent chromatin and
hypoacetylation of this residue is associated with multiple cancers. Here we better define
the replication-coupled chromatin assembly pathways that affect H4 K16ac levels in
chromatin and provide insight into how these pathways may be regulated.
During DNA replication, the deposition of newly synthesized H3-H4 histones to
assemble nucleosomes onto newly synthesized DNA is coordinated by H3-H4 histone
chaperones Asf1p, Rtt106p, and the CAF-1 complex, consisting of Cac1p, Cac2p and
Cac3p. Currently, strong evidence suggests that Asf1p initially binds H3-H4 dimers and
transfers these histones to Rtt106p and CAF-1, which are then able to promote H3-H4

xii
tetramer formation onto the newly synthesized DNA. CAF-1 is targeted to the replication
fork via its interactions with PCNA, which is important for proper histone deposition.
Synthetic interactions between Rtt106p and CAF-1 indicate they are partially redundant
in function. Here, we demonstrate that H4 K16ac deposition occurs independently of
RTT106 and is mediated through a CAF-1 pathway, indicating that Rtt106p and CAF-1
have separate functions in regards to H4 K16ac. Additionally, we demonstrate that the
cell cycle-dependent kinase Cdc7p is able to regulate silencing through influencing H4
K16ac likely via cell cycle- dependent interactions with CAF-1. Overall, this study
provides insight into how H4 K16ac, a critical histone modification in regulating the
formation of silent chromatin that is altered in human cancer, is regulated during
replication-coupled chromatin assembly and how cell cycle-dependent kinases may
influence histone modifications.
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CHAPTER 1: INTRODUCTION
Modified from: Young, T.J. and Kirchmaier, A.L. (2012) Cell cycle regulation of silent
chromatin formation. Biochim Biophys Acta, 1819, 303-312.
1.1 Epigenetics
The term epigenetics was originally defined by “the branch of biology which studies
the causal interactions between genes and their products, which bring the phenotypes into
being” by Conrad Waddington in 1942 (1). As advances in the field were made the
definition of epigenetics has evolved to now be more modernly defined as stably
heritable information resulting from changes in a chromosome without alterations in the
DNA sequence (2,3). Therefore, epigenetic mechanisms are an important aspect of gene
regulation and explain how all cells within a multicellular organism are able to
differentiate into different cell types, through differential genetic expression, while
having identical DNA sequences (3). Altered epigenetic modifications have also been
linked to multiple diseases including autoimmune disorders, neurological disorders and
multiple cancers (4), which highlights the importance of these epigenetic modifications
being maintained and inherited throughout the cell cycle. However, despite the
importance of properly maintaining epigenetic modifications throughout the cell cycle,
the processes through which this occurs still remains poorly defined.
In Chapters 3 and 4, we provide insight into how epigenetic modifications,
particularly histone modifications, are maintained during S phase, where chromatin must
be disassembled and reassembled during DNA replication. In this chapter, we explain the
importance of epigenetic modifications in gene silencing and DNA repair, as well as
discuss the proteins involved in reassembling H3 and H4 into nucleosomes during DNA
replication, which play an important role in maintaining epigenetic modifications and
regulating epigenetic processes.
1.1.1 Epigenetic Mechanisms and Chromatin Structure
Chromatin is a DNA and protein structure that consists of a repeating unit called a
nucleosome. The nucleosome is 147 base pairs of DNA wrapped around an octamer of
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histones consisting of two of each of the following histones: H2A, H2B, H3, and H4 (5).
Chromatin structure dictates whether DNA is accessible for transcription and is divided
into two categories: euchromatin and heterochromatin (silent chromatin). Euchromatin is
a more open structure that is accessible for transcription and heterochromatin is a more
condensed structure that is transcriptionally inactive (6). Chromatin structure is regulated
by epigenetic mechanisms, which include DNA methylation, histone modifications,
nucleosome remodeling, and non-coding RNA (ncRNA). Therefore, these epigenetic
mechanisms influence the accessibility of DNA for DNA-related processes such as
transcription and repair (3,6). Additionally, epigenetic modifications influence the
recruitment and binding of proteins to chromatin, which can affect transcription and
DNA damage signaling and repair as well (7,8). Therefore, alterations in epigenetic
modifications, such as DNA methylation and histone modifications, can lead to cancer
development either through changes in expression of genes that help control cell division
or through defects in DNA damage signaling and repair (8,9).
Because of the important regulatory information these epigenetic modifications
convey, they are maintained throughout the cell cycle and inherited by daughter cells
during mitosis. However, it is unclear how these epigenetic modifications are maintained
and inherited. This study focuses on how histone modifications and epigenetic processes,
such as silent chromatin formation, are maintained during the reassembly of chromatin
during DNA replication, as the parental histones must be removed from in front of the
replication fork and reassembled onto the daughter DNA strands in combination with
newly synthesized histones. Defects in proteins involved in the reassembly of chromatin
result in changes to histone modifications and defects in epigenetic processes, which
underlies the importance of this process in maintaining these important epigenetic marks.

1.2 Replication-Coupled Chromatin Assembly
During DNA replication, parental H2A/H2B and H3-H4 dimers are removed from
in front of the fork and reassembled as tetramers behind the fork. However, parental H3H4 dimers appear to be reassembled first as tetramers with other parental dimers (10-13),
while parental H2A/H2B dimers are reassembled with either other parental histones or
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newly synthesized histones to form a nucleosome. In budding yeast, the H3-H4 histone
chaperones, CAF-1, Asf1p, Rtt106p, and most likely Hif1p, are involved in the
deposition of H3-H4 tetramers onto the newly synthesized DNA (Figure 1.1) (14-20).
Newly synthesized histone H3 is acetylated at H3 K56 by the histone acetyltransferase
Rtt109p (21,22), which requires Asf1p to present the H3-H4 dimers to Rtt109p for
acetylation (23,24). Acetylation of H3 K56 promotes the interaction between H3-H4 and
CAF-1 as well as between H3 and Rtt106p (25), indicating that Asf1p functions upstream
of CAF-1 and Rtt106p and transfers H3-H4 dimers to these histone chaperones. This
model is further supported by the ability of CAF-1 and Rtt106p to bind (H3-H4)2
tetramers (26-29), while Asf1p prevents tetramerization of H3-H4 dimers by binding to
the tetramerization surface of H3-H4 (30,31). CAF-1, consisting of Cac1p, Cac2p, and
Cac3p, promotes nucleosome assembly onto replicating DNA in vitro and is targeted to
the replication fork by its interaction with the DNA processivity factor PCNA (32,33),
where CAF-1 directly deposits nucleosomes onto newly synthesized DNA. Asf1p
interacts with the Replication Factor C (RFC) (34), which helps load PCNA onto the
replication fork, indicating that Asf1p could also directly depositing histones onto the
DNA as an alternate nucleosome assembly pathway. It is also possible that Rtt106p could
directly deposits histones, as Rtt106p is also capable of promoting nucleosome formation
in vitro (18). Therefore, many potential pathways for histones to be deposited onto newly
synthesized DNA during DNA replication likely exist. However, these observations lead
to the question as to why multiple evolutionarily conserved histone assembly factors exist
and whether they act in multiple differentially regulated pathways (see Chapter 4).
Increasing our understanding of the function of these different chromatin assembly
pathways and how they are regulated will give us better insight into how these proteins
coordinate to maintain histone modifications and regulate epigenetic processes.

1.3 Organization and Assembly of Silent Chromatin
As the formation of silent chromatin is epigenetically regulated, silent chromatin in
Saccharomyces cerevisiae serves as a model for understanding how stable states of gene
expression can be established and then maintained and inherited epigenetically despite
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the dynamic changes that chromosomes undergo throughout the cell cycle. The
establishment of silencing refers to the process of de novo repression of a locus through
the assembly of silent chromatin at a previously derepressed locus. The maintenance of
silencing is the retention of the silenced state within a cell cycle. The inheritance of
silencing describes the propagation of the silenced state through DNA replication so that
silent chromatin can be transmitted from mother to daughter cells.
1.3.1 Silent Chromatin Assembly
Silenced chromatin is found within several regions of the S. cerevisiae genome:
the silent mating-type loci HML and HMR, the telomeres, and the rDNA locus. Silencing
at the HM loci is important for regulating cell mating-type, and silencing at telomeres
protects their structure and provides chromosome end stability (35), while silencing at the
rDNA locus helps regulate ribosomal RNA levels (36). In S. cerevisiae, silencing has
been best characterized at HMR, which serves as a general model for understanding how
silent chromatin is assembled. Here we focus on silent chromatin formation and stability,
emphasizing findings at HMR in comparison to HML and telomeres.
The HM loci contain DNA sequences identical to those found at MAT, except
each are also flanked by cis-regulatory sequences called the E (essential) and I
(important) silencers, which contain binding sites for regulatory proteins. At HMR, only
the E silencer is necessary for silencing, although the I silencer helps stabilize silent
chromatin under certain conditions (37,38). In contrast to HMR, either the E or I silencer
is sufficient to repress HML (39) and differences in silencer strength reflect slight
variations in protein binding sites at each silencer. Silencers are bound by factors
involved in replication and transcription. The strongest silencer, HMR-E, contains
binding sites for the Origin Recognition Complex (ORC), Rap1p, and Abf1p (40). The
presence of these proteins at HMR-E enables recruitment of the Silent Information
Regulator, Sir, proteins, Sir1, 2, 3, and 4p, which form silent chromatin (Figure 1.2).
Sir1p binds to Orc1p (41-43) and increases the probability that the other Sirs will be
recruited to HMR-E (41,44). This function of Sir1p is critical for establishing silent
chromatin (45). In contrast, SIR1 is not required for the maintenance or inheritance of
silent chromatin once it has been established; sir1 mutants exist in two populations,
silenced and derepressed, with each population retaining their respective stable
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transcriptional states over multiple generations (45). Unlike at the HM loci, Sir1p is not
required for silencing at telomeres (46). Sir4p forms a soluble complex with Sir2p, or
both Sir2p and Sir3p (47-49), and together the Sirs are recruited to HMR-E through
associations between Sir4p and Sir1p (42) plus Rap1p and likely Abf1p (50,51). Sir4p
can also be recruited to HMR-E in the absence of Sir2p and Sir3p, whereas Sir3p is
recruited to HMR-E either through binding Sir4p or as part of a Sir2-3-4p complex
(44,48,50-52).
Once the Sir proteins are recruited to HMR-E, Sir2-3-4p spread across the
chromosome to create a silenced region. During this process, Sir2p, a NAD+-dependent
deacetylase, removes acetyl groups from histones (53-55). In doing so, Sir2p facilitates
Sir spreading by creating high affinity binding sites on histones that are bound by
additional Sir2-3-4p complexes, in part, through interactions between Sir3p and
nucleosomes (Figure 1.2) (40,44,48,56,57). This process continues as Sir2-3-4p
propagates along the chromosome until the Sir proteins reach boundary elements that
prevent their spreading into euchromatic regions (58,59). Other histone modifications,
including methyl groups, are also lost during silent chromatin formation (60-62).
Histone deacetylation and Sir spreading also correlate with loss of RNA Pol II
from promoters (63) (see also (64,65)). However, some RNA Pol II pre-initiation
complexes can remain at promoters, implying that silent chromatin likely also blocks
transcription elongation (66,67). Once formed, silent chromatin is maintained throughout
the cell cycle and is propagated epigenetically upon DNA replication.

1.4 Chromatin Assembly Factors and Silencing
Multiple chromatin assembly factors influence the formation and stability of
silenced chromatin in S. cerevisiae. The histone H3-H4 chaperones depicted in Fig. 2A
affect silencing through their roles in mediating transcription-coupled histone deposition
(Asf1p and Hir1p (68)) or replication-coupled histone deposition (Asf1p, CAF-1,
Rtt106p, and likely Hif1p (16,17,69-72)), and in directing histone modifications during
chromatin assembly. These chromatin assembly factors also likely participate in the
propagation of epigenetic states during DNA replication (Figure 1.1, see also Chapter 4).
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Loss of individual chromatin assembly factors tends to result in mild silencing
phenotypes, whereas combined mutations often lead to synergistic defects in silencing,
indicating that chromatin assembly factors affect silencing through multiple, often
overlapping pathways. Below, we discuss in more detail the interactions between
replication-coupled chromatin assembly factors and how chromatin assembly mutants
affect silencing. Below, we discuss in more detail the interactions between replicationcoupled chromatin assembly factors and how chromatin assembly mutants affect
silencing.
Several silencing phenotypes associated with CAF-1 (consisting of Cac1p, Cac2p
and Cac3p) and Asf1p are linked to PCNA (Pol30p) and replication-coupled chromatin
assembly. pol30 mutants that display a reduced binding affinity for Cac1p also have
silencing defects that fall primarily in a CAF-1-dependent pathway (69,73-75). Other
pol30 mutants have silencing defects that largely overlap with those of asf1Δ mutants
(69,74,75). Although direct interactions between Asf1p and PCNA have not been
identified, Asf1p is linked to the replication fork through interactions with RF-C, which
loads PCNA onto DNA (76), as well as with the replicative MCM helicase (77,78).
Asf1p also physically interacts with CAF-I through Cac2p (79,80) (see also Chapter 4,
Figure 4.4) as well as co-purifies with Rtt106p (81), which, in turn, binds to Cac1p (70)
(Figure 1.1). The composition of nucleosomes throughout the genome is altered when
such interactions amongst chromatin assembly factors or between chromatin assembly
factors and components of the replication fork are disrupted (see Chapter 4).
The silencing phenotypes observed in cac1, asf1, and pol30 mutants are
associated, in part, with defects in acetylation of H3 K9, H3 K56 and H4 K16 (74,75) and
correlate with defects in targeting the acetyltransferases Sas2p and Rtt109p to histones
and the replication fork (75). CAF-I and Asf1p bind the SAS-I complex containing the
H4 K16-specific acetyltransferase Sas2p (82,83) (Figure 1.1). Loss of SAS-I subunits
(Sas2p, Sas4p and Sas5p) leads to a reduction in H4 K16ac levels and affects the
genomic distribution of Sirs. This results in spreading of Sirs into regions that are not
normally silenced as well as to the recruitment of Sirs to additional sites that are normally
transcriptionally active (74,82-88). Cells lacking CAC1 or ASF1, or expressing pol30
mutants with defects in CAF-1 and ASF1-dependent pathways also exhibit defects in H4
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K16ac (75) (see Chapter 3, Figure 3.2; Chapter 4, Figure 4.2). In addition, these mutants
display defects in H3 K9ac and H3 K56ac, which are dependent on the acetyltransferase
Rtt109p bound to Asf1p (22,23,71,89). Hypoacetylation of H3 K9 and H3 K56 can also
result in silencing defects or the formation of silent chromatin at inappropriate
chromosomal locations (74,75). SAS-I and Rtt109p both interact with PCNA in vivo.
However, these interactions are disrupted in pol30 mutants with defects in CAF-I and
ASF1-dependent pathways (75), implying that the acetyltransferases may be targeted to
PCNA via their interactions with chromatin assembly factors. Disruption of these
interactions is thought to contribute to several silencing phenotypes displayed in pol30,
asf1, cac1, rtt109 and sas2 mutants. Models for how defects in the above pathways can
affect the establishment of silencing via loss of histone acetylation throughout the
genome are discussed further in Chapter 1.4.1.
Multiple chromatin assembly factors with links to Asf1p influence silencing. In
addition to binding to Rtt106p and Cac2p, Asf1p also physically interacts with Hir1p and
Hir2p of the HIR complex (Hir1p, Hir2p, Hir3p and Hpc2p) to participate in
transcription-coupled chromatin assembly, and disruption of this interaction affects
silencing (68,69). Loss of RTT106 results in synergistic defects in silencing in cac1Δ
mutants, but not in asf1Δ or hir1Δ mutants, implying RTT106 falls in the same genetic
pathway as ASF1 for silencing at HMR (70,90) (see Chapter 4, Figure 4.1). Analogously,
loss of CAF-1 in asf1Δ or hir mutants leads to synthetic defects in silencing as does
combining pol30 mutants that have defects in CAF-1-dependent pathways with hir1Δ
mutants (17,69,91). However, the silencing phenotypes of hir1 mutants do not always
overlap with those of asf1Δ and pol30 mutants, implying ASF1 can affect silencing
through both HIR1-dependent (69) and HIR1-independent mechanisms (74).
Asf1p can also bind Hif1p/Hat1p/Hat2p, a histone chaperone complex linked to
newly synthesized histones, via the Hat2p and Hif1p subunits (71,72) (Figure 1.1).
Telomeric silencing defects occur in certain genetic backgrounds lacking the
acetyltransferase Hat1p or the chromatin assembly factor Hif1p (92,93), but whether
these silencing defects occur through replication-coupled chromatin assembly or also
through transcription-coupled chromatin assembly is less clear. Future studies should
clarify the extent to which transcription-coupled chromatin assembly influences silencing
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through perturbing the balance between interactions within the network of replicationcoupled chromatin assembly factors or through another mechanism, such as affecting the
expression of a key factor in silencing.
Chromatin assembly factors affect both the recruitment and spreading of Sir
proteins (see Section 1.5.1 also). rtt106Δ cac1Δ mutants exhibit defects in the initial
association of Sir2p and Sir3p, but not Sir4p, with HMR-E. rtt106Δ cac1Δ mutants also
display reduced spreading of Sir2-3-4p across HMR during silent chromatin formation
(90) (see Chapter 4). Similar defects in Sir association with telomeric regions result in
telomeric silencing defects in rtt106Δ cac1Δ mutants (90,94). Because telomeric H4
K16ac levels are similar in rtt106Δ cac1Δ and sir4Δ mutants (90), SAS-I likely functions
at telomeres in a CAF-1-independent manner in these mutants. In contrast to rtt106Δ
cac1Δ mutants, Sir spreading and H4 K16 hypoacetylation are enhanced at telomeres in
sas2Δ mutants (84,85,90).
Chromatin assembly factors also contribute to the maintenance and inheritance of
silent chromatin. During DNA replication, the parental H3-H4 are removed as dimers
from in front of the replication fork, and are then randomly distributed onto nascent DNA
behind the fork and reassembled as parental (H3-H4)2 tetramers by chromatin assembly
factors (Figure 1.1) (10-12,95). After passage of the replication fork, nucleosomes
containing these parental histones generally remain within ~400 bp of their original
position (96). During this time, newly synthesized histones are also assembled into
nucleosomes on nascent DNA behind the replication fork (Figure 1.1). Models for
inheritance of silent chromatin during replication-coupled chromatin assembly include
Sir2-3-4p being transferred to behind the fork while bound to parental H3-H4. Behind the
fork, Sir2p is proposed to deacetylate newly synthesized histones within nucleosomes to
facilitate the loading of additional Sir2-4p complexes to recreate silent chromatin (see
Section 1.5.1). Thus, mutations that result in defects in disassembly of parental
nucleosomes, their reassembly, or the assembly of newly synthesized histones into
nucleosomes could lead to defects in the propagation of epigenetic states across cell
generations. In support of this model, the frequency of switching epigenetic states of
telomeric reporter genes increases in cac1 mutants (97,98), and Cac1p contributes to the
maintenance of silent chromatin (98,99). Also, Cac1p binds Sir1p (100) and Rtt106p co-
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precipitates with Sir4p in vitro and in vivo (90). In addition, deletion of CAC1 or RTT106
in sir1Δ mutants leads to synthetic silencing defects at HMR (90), implying that the
double mutants have defects in establishment plus maintenance or inheritance of
silencing due to loss of SIR1 and CAC1 or RTT106, respectively.

1.5 Cell Cycle Requirements for Silencing
The relationship between the cell cycle and Sir-dependent silent chromatin
formation in S. cerevisiae has been explored in several studies (75,101-111). These
studies have utilized several strategies to temporarily shut-off expression of individual Sir
proteins to create a transcriptionally active HMR, HML or telomeric locus. Then, upon
restoration of Sir expression, the establishment of silencing has been monitored at
discrete points or windows within the cell cycle or over multiple cell cycles. Emerging
from these studies is an appreciation that the cell has an inherent capacity to form silent
chromatin at multiple windows within the cell cycle, but these windows vary depending
on the locus being silenced and the genetic background being evaluated. These
differences reflect a combination of factors including changes to chromatin throughout
the cell cycle, the nature of the promoter being silenced, the presence of cis-acting
regulatory signals, and other poorly understood factors. Below we consider both
historical and recent observations regarding the cell cycle requirements for silencing in S.
cerevisiae.
1.5.1 DNA Replication and Silent Chromatin Formation
In 1984, Alan Miller and Kim Nasmyth conducted a seminal study in which they
evaluated the loss or formation of silencing at several points in the cell cycle using a
temperature-sensitive mutant of Sir3p, sir3-8p (101), which degrades rapidly when
shifted to restrictive temperature (112). They observed that, at restrictive temperature,
silencing was lost in saturated cultures and in G1-arrested cells, indicating that Sir3p is
required continuously to maintain silencing. If cells were grown at restrictive temperature
to disrupt silencing and arrested in G1, then shifted to permissive temperature while
remaining in G1, silencing was not restored. If the cells were instead allowed to pass
through S phase after shifting to permissive temperature, re-establishment of silencing
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occurred. These early findings led the authors to propose that DNA replication in S phase
was required for establishing silencing.
Once silent chromatin formation had been shown to be facilitated by passage
through S phase (101), the initiation of DNA replication became a leading candidate for
regulating the establishment of silencing. Consistent with a critical role of DNA
replication in silencing, all silencers contain ARS elements and ARSs at two silencers
function as origins of replication (113-115). Plus, ORC functions in both initiating DNA
replication and silencing (116-118). However, the DNA replication and silencing
functions of ORC are genetically separable (119,120) and the role of ORC in silencing at
HMR can be bypassed through targeting Sir1p to a synthetic silencer by fusing Sir1p to
heterologous DNA binding domains (102,103,107). Thus, the initiation of DNA
replication at a silencer is not required to establish silencing.
Despite bypassing the requirement for ORC in silencing, establishing silencing at
HMR still required passage through S phase (107), and several other observations had
been consistent with a key event occurring at the replication fork being the S phase
requirement. Defects in several factors at the replication fork, including DNA helicase
(DNA2), Polε (POL2), PCNA (POL30), PCNA clamp loading factor (RFC1), and cell
cycle-dependent kinase Cdc7p (CDC7) (see Section 1.5.2 and Chapter 3), as well as
chromatin assembly factors associated with replication-coupled chromatin assembly,
Hif1p, CAF-1, Rtt106p and Asf1p, result in silencing defects (70,73,93,121-126) (see
Chapter 3, Figure 3.1; Chapter 4, Figures 4.1 and 4.11). However, silencing can be
established on non-replicating chromosomally excised HMR cassettes upon passage
through S phase, indicating movement of the replication fork through HMR is not
required to establish silencing (102,103). Surprisingly, despite this lack of a requirement
for DNA replication, PCNA mutants with defects in CAF-1 and ASF1-dependent
pathways do not establish silencing efficiently at HMR between G1 and G2/M on both
replicated and non-replicated templates (75). These silencing defects reflect defects in
replication-coupled processes that do not appear to be linked to reduced nucleosome
density at HMR resulting from a failure to assemble HMR DNA into nucleosomes (75).
Rather, the silencing defects in the pol30 mutants are associated with a global reduction
in Rtt109p- and SAS-I-dependent acetylation events at H3 K9 plus H3 K56 or H4 K16,
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respectively (see Section 1.4). Consistent with these histone modifications being linked to
replication-coupled chromatin assembly, H3 K56ac levels peak during S phase (127,128)
and the catalyzation of H4 K16 acetylation by SAS-I occurs during S phase, which
requires CAC1 or ASF1 for efficient acetylation (129) (see Chapter 3, Figure 3.2; Chapter
4, Figure 4.2). Although SAS-I and Rtt109p are targeted to PCNA in vivo, these
acetyltransferases do not detectably interact with pol30p mutants with silencing defects in
vivo (74,75). Thus, although neither origin firing or replication fork progression are
required to establish silencing, replication-coupled processes do affect chromatin
composition and this, in turn, influences silent chromatin formation and stability. Several
non-mutually exclusive models could explain how defects in the establishment of
silencing may occur. First, defects in targeting histone-modifying enzymes to the
replication fork may lead to replication-coupled assembly of nucleosomes containing
hypoacetylated histones. Such hypoacetylated nucleosomes would help create high
affinity binding sites for Sir proteins at inappropriate sites in the genome (see Chapter 4).
This, in turn, could deplete the pool of Sir proteins available to form silent chromatin at
appropriate loci (75). Second, defects in association of chromatin assembly factors with
the replication fork may lead to the incorporation of improperly modified newly
synthesized histones into nucleosomes that are non-optimal for Sir binding (see Chapter
4). Third, failure to recruit appropriate chromatin assembly factors to the replication fork
may lead to the inefficient transfer of parental H3-H4 and Sir proteins to newly
synthesized daughter strands, thereby compromising the propagation of epigenetic states.
1.5.2 Cell Cycle-Dependent Kinases in Silencing
Consistent with the passage of S phase being a requirement for the establishment
of silent chromatin and epigenetic processes being tied to DNA replication, Cdc7p, a cell
cycle regulated kinase required for replication initiation at origins (130), has been
implicated in playing a role in silencing (126,131) (see also Chapter 3, Figure 3.1). Cdc7p
phosphorylates Mcm2p in vitro and in vivo (132,133) and phosphorylates Mcm3p,
Mcm4p, Mcm6p and Mcm7p in vitro (134,135), all of which are subunits of the MCM
helicase (134). The phosphorylation of these MCM proteins is required to load the
helicase at origins during the initiation of DNA replication, making CDC7 essential for
cell viability. Although Cdc7p is present throughout the cell cycle (132), Cdc7p becomes
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activated by its physical association with the cyclin Dbf4p, which is expressed starting in
late G1 phase peaking in S phase, and is subsequently degraded after the completion of S
phase (132,136). Therefore, Cdc7p-Dbf4p function exclusively in late G1 through S
phase.
CDC7 was first identified as having a role in silencing through a genetic screen
performed in budding yeast looking for mutants that result in off-target silencing at the
crippled HMR locus, HMRae** (126)(see also Chapter 3, Figure 3.1). The temperaturesensitive cdc7-1 restored silencing at this locus, similar to other mutants that result in
defects in DNA replication or replication-coupled chromatin assembly. In humans, Cdc7
phosphorylates p150, the human ortholog of Cac1p, which promotes its interaction with
PCNA (137). The ability of Cdc7p to phosphorylate Cac1p in yeast is conserved (131),
but its effect on Cac1p has yet to be fully characterized (see Chapter 3).

1.6 Chromatin Assembly Factors and Responses to DNA Damage
In addition to replication-coupled chromatin assembly, chromatin must also be
reassembled following DNA repair in order to maintain epigenetic information. In S.
cerevisiae, the H3-H4 histone chaperones CAF-1, Asf1p, and potentially Rtt106p are
involved in chromatin assembly after DNA repair (138-140). Cells lacking CAC1, the
largest subunit of CAF-1, are sensitive to the DNA damaging agents that cause singleand double-stranded breaks (25,74,141,142). In vitro, CAF-1 can assemble chromatin
onto a plasmid that has been repaired by NER or onto a plasmid containing DNase Iinduced single-stranded breaks (143). In mammalian cells, CAF-1 and PCNA colocalize
to UV-induced DNA damage sites in vivo (144) and the presence of PCNA promotes
nucleosome assembly around a DNA repair site in vitro (145), indicating that PCNA may
play a role in recruiting CAF-1 to DNA repair sites.
In S. cerevisiae, asf1Δ mutants are also sensitive to DNA damaging agents that
cause single- and double-stranded breaks as well as stalled replication forks (17,74).
asf1Δ cac1Δ mutants are more sensitive to UV and hydroxyurea (HU), which causes
stalled replication forks, than asf1Δ mutants (17). This data implies that CAF-1 and
Asf1p work synergistically in DNA repair pathways responsible for repairing UV- and
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HU-mediated DNA damage. Additionally, Asf1p and CAF-1 promote deactivation of the
DNA damage checkpoint response after the repair of a HO-induced DSB is complete,
presumably via completing chromatin assembly of the repaired DNA, but they are not
required for the actual DSB repair itself (138). Cells lacking both CAC1 and RTT106 also
exhibit an increase in sensitivity to Zeocin (causes double-stranded breaks) and MMS
(alkylating reagent that causes single- and double-stranded breaks) relative to the single
mutants (139,146). This synthetic interaction suggests that Rtt106p may function in an
alternative pathway to that of CAF-1 in chromatin assembly in the context of DNA
repair.

1.7 Summary
Proper chromatin assembly during DNA replication and repair is required to
ensure that silenced transcriptional states are established properly and then maintained
once they have been formed. There are multiple chromatin assembly pathways that are
coordinated by multiple histone chaperones, replications factors, and histone
acetyltransferases/methylases. Some of these pathways are partly functionally redundant,
but are predicted to have some divergent functions. In Chapters 3 and 4, we demonstrate
that Rtt106p and Cac1p have different functions in silencing. As some of these chromatin
assembly pathways factors function in different types of chromatin assembly during the
cell cycle, we provide insight into how these chromatin assembly pathways may be
regulated throughout the cell cycle by showing that Cdc7p is able to influence silencing
by regulating Cac1p function (see Chapter 3).
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Figure 1.1. Chromatin Assembly Factors and the Propagation of Epigenetic States.
Model for removal and reassembly of H3/H4 during DNA replication. Nucleosomal H3/H4
tetramers are disassembled into H3/H4 dimers in front of the replication fork. Asf1p (green) binds
to parental H3/H4 dimers (pink) and interacts with MCMs (yellow), RFC (blue) (arrow), and the
H3/H4 chaperone, CAF-I (green) (dashed line) during H3/H4 removal and reassembly. Asf1p
also interacts with Rtt106p and Hat1p/Hat2p/Hif1p complex. H3/H4 dimers bound by Asf1p can
contain several histone modiﬁcations including H3 K9ac, H3 K56ac, and H4 K16ac. The histone
acetyltransferases Rtt109p (orange) and SAS-I (orange) interact with Asf1p and acetylate
(arrows) newly synthesized H3 at K56 and H4 K16, respectively. CAF-I binds H3/H4 dimers
acetylated at H4 K16 and H3 K56 and binds PCNA (peach) (arrow) as well as SAS-I, which
mediates H4 K16ac (arrow). The H3/H4 chaperone Rtt106p (green) interacts with CAF-I (dashed
line) and both Rtt106p and CAF-1 preferentially bind H3/H4 dimers containing H3 K56ac.
Rtt106p may interact with the replication fork via CAF-1, PCNA or another protein (arrow). The
chromatin assembly factor Hif1p (green) forms a complex with Hat1p/Hat2p (orange), and also
binds to newly synthesized H3/H4 and promotes acetylation at H4 K5 and K12. Whether Hif1p
transfers H3/H4 to another chromatin assembly factor and/or interacts directly with a component
of the replication fork is not well deﬁned.
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Figure 1.2. Sir protein recruitment and spreading.
At HMR, the HMR-E silencer binding proteins ORC (light pink), Rap1p (light purple) and Abf1p
(light purple) nucleate silent chromatin formation. Sir1p (blue) binds to ORC, and this interaction
helps to recruit the other Sir proteins to the silencer. Sir2p (light yellow), Sir3p (light green) and
Sir4p (gold) are recruited to the E silencer through interactions with Sir1p, Rap1p, and Abf1p.
Sir2p then deacetylates the neighboring nucleosomes (dark pink), facilitating recruitment of
additional Sir2/3/4p complexes. Continued deacetylation of histones and recruitment of additional
Sir proteins facilitates Sir spreading across HMR and silent chromatin formation.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Yeast Strains and Plasmid Construction
Yeast strains used for this study (Table 2.1) were generated using conventional methods,
including genetic crosses and homologous recombination (see also (147). One-step gene
conversion was used to delete open reading frames, and plasmid shuffling was utilized to
generate yeast strains expressing histone mutants (see also (148)).
Plasmids used for this study are described in Table 2.2 and any oligos used to
generate either yeast strains or plasmids are described in Table 2.3. The plasmids
expressing CAC1 and CAC1-GFP were generated using standard cloning methods.
pAK1171 was generated by ligating a fragment containing the CAC1 gene plus 500 base
pairs upstream of the start site and zero additional base pairs downstream of the stop
codon into pRS416. CAC1 fragment was amplified from the genome of a wild-type yeast
strain using primers that introduced an EcoRI restriction site at the 5’ end (oALK1176)
and introduced PacI-BglII-KpnI sites at the 3’ end (oALK1177). The resulting PCR
product was then ligated into pRS416 (149,150) at the EcoRI and KpnI restriction sites.
pAK1174 and pAK1185 were generated by ligating a PacI/BglII fragment containing
GFP or mCherry from pAK940 or pAK1128, respectively, into pAK1171. pAK1223 was
generated by ligating an EcoRI/KpnI fragment containing the CAC1 ORF plus 500 base
pairs upstream and downstream into pRS416.
Plasmids expressing histone mutants were generated by site-directed mutagenesis.
PCR using Phusion polymerase (NEB, cat# M0530S) and primers as designated was
performed to introduce the mutations and were then treated with DpnI. DNA was isolated
using QIAquick PCR Purification Kit (Qiagen, cat# 28104) and transformed into
competent DH5α cells by electroporation. pAK1308 was made using pAK1223 as a
template and oligos oALK1355, 1356, 1359, and 1360, pAK1309 using pAK1223 and
oligos oALK1357, 1358, 1361 and 1362. pAK1323 was made using pMP3 (151) as a
template and oligos oALK1567 and 1568. pAK1326 and pAK1327 were made using
pMP3 as a template and oligos oALK1620 and 1621 and oALK1622 and 1623
respectively. pAK1156 was made using pMP3 and oligos oALK1242 and 1244.
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Plasmids expressing CAC1 mutants were generated in the same way as the histone
mutant plasmids. pAK1308, pAK1309, paK1328, and pAK1329 were all made using
pAK1223 as a template with different oligos being used to generate the mutations by sitdirected mutagenesis. pAK1308 was made using oligos oALK1355, oALK1356,
oALK1359 and oALK1360 and pAK1309 was generated utilizing oligos oALK1357,
oALK1358, oALK1361, and oALK1362 pAK1328 was made using oALK1359 and
oALK1360 followed by a second round of site-directed mutagenesis using oALK1624
and oALK1625; and pAK1329 was generated using oALK1361 and oALK1362 followed
by oALK1626 and oALK1627. pAK1156 was derived from pMP3 (151) using
oALK1242 and oALK1244.
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Table 2.1 Yeast strains used in this study.
Strain

Genotype

Source

MATa or α ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1
can1-100

R.
Rothstein

AKY4696

W303 MATα HMRae** pAK48

This Study

AKY4602

W303 MATα HMRae** pAK826

This Study

AEY2363

W303 MATα HMRae** asf1Δ::KanMX

(152)

AKY4747

W303 MATα HMRae** asf1Δ::KanMX pAK48

This Study

AKY4663

W303 MATα HMRae** asf1Δ::KanMX pAK826

This Study

AKY2399/
AKY2400

W303 MATα HMRae** cac1Δ::KanMX

This Study

AKY4692

W303 MATα HMRae** cac1Δ::KanMX pAK48

This Study

AKY4606

W303 MATα HMRae** cac1Δ::KanMX pAK826

This Study

AKY6793

W303 MATα HMRae** cdc7-90 pAK48

This Study

AKY6791

W303 MATα HMRae** cdc7-90 pAK826

This Study

AKY6417/
AKY6418

W303 MATα HMRae** rtt109Δ::KanMX

This Study

AKY6795

W303 MATα HMRae** rtt109Δ::KanMX pAK48

This Study

AKY6789

W303 MATα HMRae** rtt109Δ::KanMX pAK826

This Study

AKY1677

W303 MATα HMRae**

(75)

AKY1664

W303 MATα HMRae** cdc7-90

This Study

AKY5478

W303 MATα HMRae** SIR2Δ::URA3

This Study

AKY1912

W303 MATα HMRae** cdc7-90 SIR2Δ::HIS3

This Study

W303

AKY2747
AKY2609

W303 MATα HMRae** hht1-hhf1Δ::LEU2 hht2hhf2Δ::HIS3 pAK278
W303 MATα HMRae** hht1-hhf1Δ::LEU2 hht2hhf2Δ::HIS3 pAK972

(74)
(74)

19

AKY6012

W303 MATα HMRae** hht1-hhf1Δ::LEU2 hht2hhf2Δ::HIS3 pAK1156

This Study

AKY2246/
AKY1692

W303 MATa HMRΔ::ADE2 hht1-hhf1Δ::LEU2
hht2-hhf2Δ::HIS3 pAK278

This Study/
(74)

AKY2857

W303 MATa HMRΔ::ADE2 hht1-hhf1Δ::LEU2
hht2-hhf2Δ::HIS3 cac1Δ::KanMX pAK278

(74)

AKY6145

W303 MATa HMRΔ::ADE2 hht1-hhf1Δ::LEU2
hht2-hhf2Δ::HIS3 pAK1156

This Study

AKY6574

W303 MATa HMRΔ::ADE2 hht1-hhf1Δ::LEU2
hht2-hhf2Δ::HIS3 cac1Δ::KanMX pAK1156

This Study

AKY1665

W303 MATα HMRae** can1-100 cdc7-90 bob1-1

This Study

AKY6219

W303 MATα HMRae** bob1-1

This Study

AEY474

W303 MATα HMRae** sas2Δ::TRP1

(152)

AKY6382

W303 MATα HMRae** bob1-1 cdc7Δ::NatMX

This Study

AKY6284

W303 MATα HMRae** cac1Δ::KanMX pAK49

This Study

AKY6286

W303 MATα HMRae** cac1Δ::KanMX pAK1223

This Study

AKY8278

W303 MATα HMRae** cac1Δ::KanMX pAK1308

This Study

AKY8280

W303 MATα HMRae** cac1Δ::KanMX pAK1309

This Study

AKY8063/
AKY8064
AKY8065/
AKY8066

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK217
W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK217 pAK49
W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK217 pAK1223

AKY8067/
AKY8068

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK217 pAK1308

This Study

AKY8069/
AKY8070

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK217 pAK1309

This Study

AKY8187/
AKY8188

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK222 pAK1328

This Study

AKY8199/
AKY8200

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK222 pAK1329

This Study

AKY2909

This Study
This Study
This Study
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AKY8079/
AKY8080

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK224 pAK49

This Study

AKY8081/
AKY8082

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK224 pAK1223

This Study

AKY8083/
AKY8084

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK224 pAK1308

This Study

AKY8085/
AKY8086

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK224 pAK1309

This Study

AKY8191/
AKY8192

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK224 pAK1328

This Study

AKY8203/
AKY8204

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK224 pAK1329

This Study

BY4741

MATa his3Δ1 leu2Δ200 met15Δ0 ura3Δ0

(153)

AKY6019

BY4741CDC7-GFP(S65T)-HIS3MX

(154)

AKY6236

BY4741CDC7-GFP(S65T)-HIS3MX pAK1185

This study

AKY6238

BY4741CDC7-GFP(S65T)-HIS3MX pAK1166

This study

AKY6248
AKY6254
AKY6158

W303 MATα HMRae** bar1Δ::KanMX CAC1-3X
FLAG
W303 MATα HMRae** bar1Δ::KanMX cdc7-90 bob11 CAC1-3X FLAG
W303 MATα HMRae** cac1Δ::KanMX cdc7-90

This Study
This Study
This Study

AKY8095/
AKY8096

W303 MATa HMRΔ::ADE2 hht1-hhf1Δ::LEU2 hht2hhf2Δ::HIS3 pAK278
W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK731 pAK49

AKY8097/
AKY8098

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK731 pAK1223

This Study

AKY8099/
AKY8100

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK731 pAK1308

This Study

AKY8101/
AKY8102

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK731 pAK1309

This Study

AKY8173/
AKY8174

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK731 pAK1328

This Study

AKY8175/
AKY8176

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK731 pAK1329

This Study

AKY2393

This Study
This Study
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AKY8087/
AKY8088

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK730 pAK49

This Study

AKY8089/
AKY8090

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK730 pAK1223

This Study

AKY8091/
AKY8092

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK730 pAK1308

This Study

AKY8093/
AKY8094

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK730 pAK1309

This Study

AKY8163/
AKY8164

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK730 pAK1328

This Study

AKY8177/
AKY8178

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK730 pAK1329

This Study

AKY8047/
AKY8048

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK1153 pAK49

This Study

AKY8049/
AKY8050

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK1153 pAK1223

This Study

AKY8051/
AKY8052

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK1153 pAK1308

This Study

AKY8053/
AKY8054

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK1153 pAK1309

This Study

AKY8167/
AKY8168

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK1153 pAK1328

This Study

AKY8205/
AKY8206

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK1153 pAK1329

This Study

AKY8103/
AKY8104

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK732 pAK49

This Study

AKY8105/
AKY8106

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK732 pAK1223

This Study

AKY8107/
AKY8108

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK732 pAK1308

This Study

AKY8109/
AKY8110

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK732 pAK1309

This Study

AKY8165/
AKY8166

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK732 pAK1328

This Study

AKY8179/
AKY8180

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK732 pAK1329

This Study

AKY8055/
AKY8056

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK728 pAK49

This Study

AKY8057/
AKY8058

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK728 pAK1223

This Study
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AKY8059/
AKY8060

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK728 pAK1308

This Study

AKY8061/
AKY8062

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK728 pAK1309

This Study

AKY8169/
AKY8170

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK728 pAK1328

This Study

AKY8171/
AKY8172

W303 MATa HMRΔ::ADE2 cac1Δ::KanMX
pol30Δ::hisG pAK728 pAK1329

This Study

W303 MATα HMRae** rtt106Δ::KanMX

This Study

W303 MATα HMRae** hif1Δ::KanMX

This Study

W303 MATα HMRae** mms1Δ::KanMX

This Study

W303 MATα HMRae** mms22Δ::KanMX

This Study

W303 MATα HMRae** rtt101Δ::KanMX

This Study

AKY2730/
AKY2731
AKY2726/
AKY2727
AKY6619/
AKY6620
AKY6621/
AKY6622
AKY6607/
AKY6608
AKY4440
AKY3542

W303 MATα HMRae** hht1-hhf1Δ::LEU2 hht2hhf2Δ::HIS3 pAK1011
W303 MATα HMRae** hht1-hhf1Δ::LEU2 hht2hhf2Δ::HIS3 pAK965

This Study
(74)

AKY5058

W303 MATa HMRΔ::ADE2 hht1-hhf1Δ::LEU2 hht2hhf2Δ::HIS3 cac1Δ::KanMX pAK1011

This Study

AKY8129/
AKY8130

W303 MATa HMRΔ::ADE2 hht1-hhf1Δ::LEU2 hht2hhf2Δ::HIS3 cac1Δ::KanMX pAK1326

This Study

AKY8131/
AKY8132

W303 MATa HMRΔ::ADE2 hht1-hhf1Δ::LEU2 hht2hhf2Δ::HIS3 cac1Δ::KanMX pAK1327

This Study

AKY2647

W303 MATa HMRΔ::ADE2 hht1-hhf1Δ::LEU2 hht2hhf2Δ::HIS3 rtt106Δ::KanMX pAK278

This Study

AKY6837

W303 MATa HMRΔ::ADE2 hht1-hhf1Δ::LEU2 hht2hhf2Δ::HIS3 rtt106Δ::KanMX pAK278

This Study

AKY8115

W303 MATa HMRΔ::ADE2 hht1-hhf1Δ::LEU2 hht2hhf2Δ::HIS3 rtt106Δ::KanMX pAK1326

This Study

AKY8117

W303 MATa HMRΔ::ADE2 hht1-hhf1Δ::LEU2 hht2hhf2Δ::HIS3 rtt106Δ::KanMX pAK1327

This Study

AKY6831

W303 MATa HMRΔ::ADE2 hht1-hhf1Δ::LEU2 hht2hhf2Δ::HIS3 rtt106Δ::KanMX pAK1011

This Study

AKY2639

W303 MATa HMRΔ::ADE2 hht1-hhf1Δ::LEU2 hht2hhf2Δ::HIS3 hif1Δ::NatMX pAK278

This Study
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AKY8124

W303 MATa HMRΔ::ADE2 hht1-hhf1Δ::LEU2 hht2hhf2Δ::HIS3 hif1Δ::NatMX pAK1326

This Study

AKY8126

W303 MATa HMRΔ::ADE2 hht1-hhf1Δ::LEU2 hht2hhf2Δ::HIS3 hif1Δ::NatMX pAK1327

This Study

AKY5094

W303 MATa HMRΔ::ADE2 hht1-hhf1Δ::LEU2 hht2hhf2Δ::HIS3 hif1Δ::NatMX pAK1011

This Study

AKY2655

W303 MATa HMRΔ::ADE2 hht1-hhf1Δ::LEU2 hht2hhf2Δ::HIS3 hat1Δ::NatMX pAK278

This Study

AKY8133

W303 MATa HMRΔ::ADE2 hht1-hhf1Δ::LEU2 hht2hhf2Δ::HIS3 hat1Δ::NatMX pAK1326

This Study

AKY8135

W303 MATa HMRΔ::ADE2 hht1-hhf1Δ::LEU2 hht2hhf2Δ::HIS3 hat1Δ::NatMX pAK1327

This Study

AKY5090

W303 MATa HMRΔ::ADE2 hht1-hhf1Δ::LEU2 hht2hhf2Δ::HIS3 hat1Δ::NatMX pAK1011

This Study

AKY4442

W303 MATa HMRΔ::ADE2 hht1-hhf1Δ::LEU2 hht2hhf2Δ::HIS3 pAK1011

This Study

AKY3735

W303 MATa HMRΔ::ADE2 hht1-hhf1Δ::LEU2 hht2hhf2Δ::HIS3 rtt109Δ::KanMX pAK278

(74)

AKY8139

W303 MATa HMRΔ::ADE2 hht1-hhf1Δ::LEU2 hht2hhf2Δ::HIS3 rtt109Δ::KanMX pAK1326

This Study

AKY8152

W303 MATa HMRΔ::ADE2 hht1-hhf1Δ::LEU2 hht2hhf2Δ::HIS3 rtt109Δ::KanMX pAK1327

This Study

AKY6548

W303 MATa HMRΔ::ADE2 hht1-hhf1Δ::LEU2 hht2hhf2Δ::HIS3 rtt109Δ::KanMX pAK1011

This Study

AKY3426

W303 MATa HMRΔ::ADE2 hht1-hhf1Δ::LEU2 hht2hhf2Δ::HIS3 sas2Δ::NatMX pAK278

This Study

AKY8111

W303 MATa HMRΔ::ADE2 hht1-hhf1Δ::LEU2 hht2hhf2Δ::HIS3 sas2Δ::NatMX pAK1326

This Study

AKY8113

W303 MATa HMRΔ::ADE2 hht1-hhf1Δ::LEU2 hht2hhf2Δ::HIS3 sas2Δ::NatMX pAK1327

This Study

AKY2865

W303 MATa HMRΔ::ADE2 hht1-hhf1Δ::LEU2 hht2hhf2Δ::HIS3 asf1Δ::KanMX pAK278

(74)

AKY8137

W303 MATa HMRΔ::ADE2 hht1-hhf1Δ::LEU2 hht2hhf2Δ::HIS3 asf1Δ::KanMX pAK1326

This Study

AKY8158

W303 MATa HMRΔ::ADE2 hht1-hhf1Δ::LEU2 hht2hhf2Δ::HIS3 asf1Δ::KanMX pAK1327

This Study

AKY6813

MATa his3Δ1 leu2Δ200 lys2Δ0 ura3Δ0 SAS5yEmCitrine-spHIS5

This Study

AKY6815

MATa his3Δ1 leu2Δ200 lys2Δ0 ura3Δ0 SAS5yEmCitrine-spHIS5 cac1Δ::KanMX

This Study
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AKY6817

MATa his3Δ1 leu2Δ200 lys2Δ0 ura3Δ0 SAS5yEmCitrine-spHIS5 asf1Δ::KanMX

This Study

AKY6819

MATa his3Δ1 leu2Δ200 lys2Δ0 ura3Δ0 SAS5yEmCitrine-spHIS5 rtt106Δ::KanMX

This Study

AKY5174

BY4741 SAS2-GFP(S65T)-HIS3MX

(154)

AKY5175

BY4741 RTT109-GFP(S65T)-HIS3MX

(154)

AKY5164

BY4741 RTT106-GFP(S65T)-HIS3MX

(154)

AKY5158

BY4741 ASF1-GFP(S65T)-HIS3MX

(154)

AKY6305

BY4741 ASF1-GFP(S65T)-HIS3MX pAK1185

This study

AKY6307

BY4741 ASF1-GFP(S65T)-HIS3MX pAK1166

This study

AKY6517

BY4741 ASF1-GFP(S65T)-HIS3MX rtt109Δ::hphMX
pAK1185

This study

AKY8036

BY4741 ASF1-GFP(S65T)-HIS3MX rtt101Δ::hphMX
pAK1185

This study

AKY5448

MATα met15Δ0 can1Δ::STE2pr-LEU2 ASF1-mCherryURA3 RTT106-GFP(S65T)-HIS3MX

This study

AKY6244

MATα met15Δ0 can1Δ::STE2pr-LEU2 ASF1-mCherryURA3 RTT106-GFP(S65T)-HIS3MX rtt109Δ::KanMX

This study

AKY6212

BY4741 RTT106-GFP(S65T)-HIS3MX pAK1166

This Study

AKY6106

BY4741 ASF1-GFP(S65T)-HIS3MX pol30Δ::hisG
pAK1168

This Study
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Table 2.2 Plasmids used in this study.
Lab
Designation

Source
Designation

Description

Source

pAK48

pRS415

ARS/CEN6/LEU2

(149)

pAK49

pRS416

ARS/CEN6/URA3

(149)

pAK1171

CAC1 ARS/CEN6/URA3

This study

pAK1174

CAC1-GFP ARS/CEN6/URA3

This study

pAK1185

CAC1-mCherry ARS/CEN6/URA3

This study

pAK1223

CAC1 ARS/CEN6/URA3

This study

pAK1128

mCherry-KanMX cassette

This study

pAK940

GFP (S65T)-HIS3MX

(155)

pAK1166

SPC29-mCherry ARS/CEN6/LEU2

This study

pAK1156

H3 T45A ARS/CEN6/TRP1

This study

HHT2-HHF2 ARS/CEN6/TRP1

(151)

pAK1011

H3 K122A ARS/CEN6/TRP1

This study

PAK972

H3 H4 K16R ARS/CEN6/TRP1

(74)

pAK1323

H3 K121, 122, 125R ARS/CEN6/TRP1

This study

pAK1326

H3 K122R ARS/CEN/TRP1

This study

pAK1327

H3 K122Q ARS/CEN/TRP1

This study

pAK278

pMP3

pAK826

AE778

6myc-SAS2 ARS/CEN6/LEU2

(152)

pAK217

pBL230

POL30 ARS/CEN6/TRP1

(156)

pAK222

pBL230-8

pol30-8 ARS/CEN6/TRP1

(156)

pAK224

pBL230-79

pol30-79 ARS/CEN6/TRP1

(157)

pAK730

pol30-K127R ARS/CEN4/TRP1

(158)

pAK731

pol30-K164R ARS/CEN4/TRP1

(158)

pAK732

pol30-K127, 164R ARS/CEN4/TRP1

(158)

pAK728

POL30 ARS/CEN4/TRP1

(158)

pAK910

pBL230-42

pol30-42 ARS/CEN6/TRP1

(156)

pAK906

pBL245-52

pol30-52 ARS/CEN6/TRP1

(156)

pAK223

pBL230-6

pol30-6 ARS/CEN6/TRP1

(156)
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pAK965

H3 K56R ARS/CEN6/TRP1

(75)

3X FLAG-KanMX

(159)

pAK1226

CAC1 S503D ARS/CEN6/URA3

This Study

pAK1225

CAC1 S503A ARS/CEN6/URA3

This Study

pAK1228

CAC1 S238D ARS/CEN6/URA3

This Study

pAK1229

CAC1 S238A ARS/CEN6/URA3

This Study

pAK1308

CAC1 S238, 503D ARS/CEN6/URA3

This Study

pAK1309

CAC1 S238, 503A ARS/CEN6/URA3

This Study

pAK1328

CAC1 S501, 503D ARS/CEN6/URA3

This Study

pAK1329

CAC1 S501, S503A ARS/CEN6/URA3

This Study

pAK1172

pAK1333
pAK1334

pFLAG-KanMX

CAC1 S503A-3X FLAG
ARS/CEN6/URA3
CAC1 S503D-3X FLAG
ARS/CEN6/URA3

This Study
This Study

pAK1335

CAC1 S238D-3X FLAG
ARS/CEN6/URA3

This Study

pAK1337

CAC1 S238A-3X FLAG
ARS/CEN6/URA3

This Study
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Table 2.3 Oligonucleotides used in this study
Region

Oligonucleotide

Application

Source

cac1Δ

oALK507 5' TAGTGAACCTCAAGACAGAAGAGAATCG
AAAGGAAAAGGGAAACGTACGCTGCAGGT
CGAC
oALK508 5' CAGTTTATCTGTATGTTTCTATATACTAAA
GATCCGTTCAAGATCGATGAATTCGAGCT
CG

Gene
Disruption

This
Study

H3 T45A

oALK1242 5' TCACAGATATAAGCCAGGTGCTGTTGCTT
TGAGAGAAATC
oALK1244 5' GATTTCTCTCAAAGCAACAGCACCTGGCT
TATATCTGTGA

Site-directed
mutagenesis

This
Study

3X-FLAG
from
pAK1172

oALK1271 5' GAATCTTCGAGCCAATGCAAATATGCCA
ACCCCGTCTTTGAGGGAACAAAAGCTGGAG
oALK1272 5' TATCTGTATGTTTCTATATACTAAAGATC
CGTTCAAGTTACTATAGGGCGAATTGGGT

C-terminally
tag CAC1
with 3X Flag

This
Study

HMRae**

oALK1299 5' ATTATATTGCACAAACA
oALK1300 5' TCGCCTACCTTCTTGAA

Screen for
HMRae**
mutation

This
Study

bob1-1

oALK1301 5' AAACTATCAGACGAACT
oALK1302 5' TCCACAATTTTTCTTGG

Screen for
bob1-1
mutation

This
Study

CAC1
S238D

oALK1355 5' AACTTCTTTAAAAAACTAGACGATTCTA
ATACGCCTGTGG
oALK1356 5' CCACAGGCGTATTAGAATCGTCTAGTTT
TTTAAAGAAGTT

Site-directed
mutagenesis

This
Study

CAC1
S238A

oALK1357 5' AACTTCTTTAAAAAACTAGCCGATTCTAA
TACGCCTGTGG
oALK1358 5' CCACAGGCGTATTAGAATCGGCTAGTTTT
TTAAAGAAGTT

Site-directed
mutagenesis

This
Study

CAC1
S503D

oALK1359 5' CCATCCAAAAGAAGTAATGACGACTTAC
AGGCACAGACCG
oALK1360 5' CGGTCTGTGCCTGTAAGTCGTCATTACTT
CTTTTGGATGG

Site-directed
mutagenesis

This
Study

CAC1
S503A

oALK1361 5' CCATCCAAAAGAAGTAATGCCGACTTAC
AGGCACAGACCG
oALK1362 5' CGGTCTGTGCCTGTAAGTCGGCATTACTT
CTTTTGGATGG

cdc7Δ

oALK1365 5' AATTTTCTTAGGAAAGAGGCAGTTTCGA
AGTAGAACAATCATACGTACGCTGCAGGT
CGAC
oALK1366 5’ GAAAAGGAAATTATTTCAGACTAGCAGT
AATTTATCACTTTGATCGATGAATTCGAGC
TCG

rtt101Δ
RTT101
HHT2

oALK1493 5' CAGATTTACCTTCATCCTGCA
oALK1494 5' TGTTCAGATAGGAGCGAAAGA
oALK1518 5' CCTTCGTATCATAATC
oALK706 5' GTTTTGTGACTTCCACTTTGGCCCT

Site-directed
mutagenesis

This
Study

Gene
Disruption

This
Study

Gene
Disruption
Forward
Screening
Primer
Sequencing

This
Study
This
Study
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RTT106

oALK587 5' GGCAGTTGCTTTCAGATGCAT
oALK588 5' CCTGGAAACTGCCGTTGAAAG

RTT106

oALK589 5' GACCCCATAGGAACCATTTCT

RTT109

oALK734 5' AAAGTACGACAGGCTTAAACGG
oALK735 5' AACTAACGGTCTTCTTGTG

RTT109

oALK740 5' ACTCCCATAAGATCAGAC

Gene
Disruption

This
Study

Forward
Screening
Primer

This
Study

Gene
Disruption

This
Study

Forward PCR
Screen

This
Study

MMS1

oALK1577 5' GGCTAAGTAGCGCCAGGATAT
oALK1578 5' ACCATCACCAACGATTACCA

Gene
Disruption

This
Study

MMS1

oALK1579 5' ACGGTTTTCTTTGGTGGAGCCA

Forward
Screening
Primer

This
Study

MMS22

oALK1580 5' CGCATGCATGAAGAATTTCG
oALK1581 5' TGCCGCATTTGGGTACTTAT

Gene
Disruption

This
Study

MMS22

oALK1582 5' CGGGTCCCTTCACTACCCAATG

Forward
Screening
Primer

This
Study

H3 K121,
122, 125R

oALK1567 5' GCGTGTTACTATCCAAAGGAGGGATATC
AGATTGGCCAGAAGACTA
oALK1568 5' TAGTCTTCTGGCCAATCTGATATCCCTCC
TTTGGATAGTAACACGC

Site-directed
mutagenesis

This
Study

H3 K122,
125R

oALK1569 5' GTGTTACTATCCAAAAGAGGGATATCAG
ATTGGCCAGAAGACTAA
oALK1570 5' TTAGTCTTCTGGCCAATCTGATATCCCTC
TTTTGGATAGTAACAC

Site-directed
mutagenesis

This
Study

H3 K122R

oALK1620 5' AAGCGTGTTACTATCCAAAAGAGGGATA
TCAAATTGGCCAGAAGA
oALK1621 5' TCTTCTGGCCAATTTGATATCCCTCTTTTG
GATAGTAACACGCTT

Site-directed
mutagenesis

This
Study

H3
K122Q

oALK1622 5' AAGCGTGTTACTATCCAAAAGCAGGATA
TCAAATTGGCCAGAAGA
oALK1623 5' TCTTCTGGCCAATTTGATATCCTGCTTTTG
GATAGTAACACGCTT

Site-directed
mutagenesis

This
Study

oALK832 5' CTATCCAAAAGGCGGATATCAAATTGG
oALK833 5' CCAATTTGATATCCGCCTTTTGGATAG

Site-directed
mutagenesis

(160)

CAC1

ALK1255 5' GGAGAGTTTGACGGGTTTCTAGAC 3'

Sequencing
of CAC1

This
Study

CAC1
S501D

oALK1624 5' CGTCTCTACCATCCAAAAGAGATAATGA
CGACTTACAGGCAC
oALK1625 5’ GTGCCTGTAAGTCGTCATTATCTCTTTTG
GATGGTAGAGACG

Site-directed
mutagenesis

This
Study

CAC1
S501A

oALK1626 5' CGTCTCTACCATCCAAAAGAGCTAATGCC
GACTTACAGGCAC
oALK1627 5' GTGCCTGTAAGTCGGCATTAGCTCTTTTG
GATGGTAGAGACG

Site-directed
mutagenesis

This
Study

H3 K122A

29
Sequencing
of CAC1 to
screen for
S238
mutations

This
Study

CAC1

oALK1252 5' CAATAAAGAGTGTGCAGATGAAATGA

cac1Δ

oALK630 5' GAATTTCTCTAGATACACCAAC

Forward
Screening
Primer

This
Study

cdc7Δ

oALK1367b 5' TCAGTTCACAGTGTCCCTTCA

Forward
Screening
Primer

This
Study

NatMX

oALK217 5' TTCGTCGTCGGGGAACACCTT

Reverse
Screening
Primer

This
Study

KanMX

oALK72 5' CTGCAGCGAGGAGCCGTAAT

Reverse
Screening
Primer

This
Study

hif1Δ

oALK601 5' TAACATCGGCGATGAGGTCTCCTTCTAGA
AGTAACAGAATCGTACGCTGCAGGTCGAC
oALK602 5' TATACATTACGTATGTAGGTTGCTACATTT
TACACAAAACTAATCGATGAATTCGAGCTCG

Gene
Disruption

This
Study

hif1Δ

oALK586 5' TCACCCGGCGCAGTATTTCTT

PCR Screen

This
Study

hat1Δ

oALK599 5' TCCCTTAGTTCGACAGATTGC
oALK600 5' TTCGCTTTAGAACCGCTACCATGG

Gene
Disruption

This
Study

hat1Δ

oALK611 5' GGATCAATCCCAATAGATGAGCA

PCR Screen

This
Study

asf1Δ

oALK625 5' TTGCCTGACTTTACGTCTCC
oALK626 5' TTACCATAGCAACTCATGTC

Gene
Disruption

This
Study

oALK631 5' CAGTGAGGTGTGTCGTGAAAG

Forward
Screening
Primer

This
Study

asf1Δ
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2.2 Patch Mating Assay
Cells were patched onto a YPD (1% Yeast extract, 2% Bacto Peptone, 2% D-Glucose)
plate and grown overnight at 23°C or 30°C. Cells were then replica plated onto a YPD
plate as a control for growth and a MATa his4 tester lawn on a YM (6.7% Yeast Nitrogen
Base without amino acids, 20% Glucose) plate to test for silencing at HMR or HMRae**.
The cells were then incubated at 23°C or 30°C as noted for 1-2 days prior to imaging.

2.3 FLIM FRET
FLIM-FRET was performed with a Microtime200 scanning confocal time-resolved
inverted microscope system (PicoQuant GmbH). A 465-nm picosecond pulsed laser was
used to excite GFP. The excitation beam was delivered to the sample stage through an
apochromatic water immersion objective lens (60×, NA 1.2, Olympus) and the emitted
fluorescence was collected by the same objective lens. For an 80 × 80 µm2 FLIM image,
the laser dwelling time at each pixel is about 0.8 ms. A dual-band dichroic (z467/638rpc,
Chroma) was used to filter the excitation light from the emission and a 50-µm pinhole
was applied to block the off-focus photons. The final signal was further filtered by a
band-pass filter (520 ± 20 nm, Chroma) before reaching the single-photon avalanche
photodiode detector (SPCM-AQR, PerkinElmer). Collected photons were registered as a
time-correlated single-photon counting (TCSPC) format for time-domain fluorescence
lifetime calculation. Fluorescence lifetime (τ) was determined by fitting the decay rate of
a TCSPC histogram as the photon frequency decreased to 1/e of the original:
F(t)=F0exp(-1/τ) .
When FRET occurs, the non-radiative energy transfer between the donor and acceptor
fluorophore (e.g., GFP-mCherry) would cause a reduction in the donor fluorescence
lifetime and the FRET efficiency has an inverse 6th power relation to the inter-molecule
distance:

EFRET =

1
τ
= 1− DA
6
1+ (r / R0 )
τD

, where R0 is the Förster distance at which 50% energy

is transferred, τDA and τD are the fluorescence lifetimes of the donor in the presence and
absence of acceptor, respectively. For the GFP-mCherry pair R0 is ~5.24 nm. Cells either
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in logarithmic growth or synchronized to G1 phase were mounted to a coverslip for
FLIM measurement. The output laser power was set to 8 µW and a repetition rate of 40
MHz to prevent photodamage. Ten images were collected from each sample and 100
cells with characteristic morphology were analyzed. A 15% intensity threshold was
applied in analysis to eliminate background noises and non-specific signals from the
cytoplasm. In a typical TCSPC fitting, more than 104 photons were acquired from the
region of interest (e.g. cell nucleus) to enhance the signal-to-noise ratio.
The lifetime of GFP calculated from each image of the same strain were averaged
and used to calculate the standard deviation. To calculate the FRET Efficiency, the
average GFP lifetime measurement from cells that expressed both a GFP-tagged protein
and a mCherry-tagged protein was divided by the average GFP lifetime measurement of
cells expressing only the GFP-tagged protein (see also (74)).

2.4 Colony Color Assay
Cells were grown overnight in CSM-URA medium (0.77 gm/L Complete Supplement
Mixture minus uracil (Sunrise Science), 0.67% Yeast Nitrogen Base, 2% Glucose). 3 µL
of 10 fold serial dilutions were spotted onto CSM-URA medium (0.77 gm/L Complete
Supplement Mixture minus uracil, 0.67% Yeast Nitrogen Base, 2% Glucose, 2% Bacto
agar), starting with an initial concentration of 1 OD600/mL. Cells were grown at 30°C for
two days, and then incubated for four days at 4°C. Images were taken with a Leica
MZ125 microscope and SPOT 4.1.1 imaging software. (See (161))

2.5 Cell Fractionation
A 200 mL cell culture was grown to logarithmic phase (0.8-1 OD600/mL) and the
cells were collected by centrifugation at 910xg for five min. The cell pellet was
resuspended in spheroplasting buffer (50mM Potassium Phosphate buffer pH 6.5, 1.0 M
Sorbitol, 14 mM β-mercaptoethanol, plus 81kU/gm yeast lytic enzyme) and incubated for
30-45 min at 30°C. Spheroplasted cells were then pelleted by centrifugation at 5000xg
for five min at 4°C and washed one time with spheroplasting buffer. Spheroplasted cells
were then resuspended in five mL lysis buffer (20 mM Potassium Phosphate buffer pH
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6.8, 18% Ficoll 400, 1.0 mM MgCl2, 0.5 mM EDTA pH=8.0, 1.0 µg/mL of leupeptin and
pepstatin, 1.0 mM PMSF) and lysed the cells using a dounce homogenizer. Cell debris
were pelleted by centrifugation at 5000xg for 20 min and the supernatant was collected.
The pellet was then resuspended in five mL of lysis buffer, rehomogenized and then cell
debris were cleared by centrifugation as above. The supernatant was combined with the
previously collected supernatant. The combined supernatant was centrifuged at 50,000xg
for 30 min to separate and pellet the nuclei from the soluble cytoplasmic fraction.
The pelleted nuclei were resuspended and lysed in 500 µL RIPA buffer (150 mM
NaCl, 50 mM Tris-HCl pH 7.5, 1% NP-40, 0.5% Na-Deoxycholate, 0.1% SDS) by
incubating the nuclei on ice with intermittent vortexing. The chromatin fraction was
pelleted and separated from the soluble nuclear fraction by centrifugation at 14,000xg for
10 min at 4°C. The soluble nuclear fraction was stored at -80°C, and the pelleted
chromatin fraction was washed twice with Buffer A (10 mM Tris pH 8.0, 0.5% NP-40,
75 mM NaCl) and twice with Buffer B (10 mM Tris pH 8.0, 300 mM NaCl). Chromatin
was resuspended in 25 µL 2X SDS-PAGE sample buffer (25 mM Tris-HCl pH 6.8, 2.5%
SDS, 2.5% glycerol, 0.01% Bromophenol Blue, 1.25% β-mercaptoethanol) for analyses.

2.6 Protein Blot Analyses
2.6.1 Chromatin Fraction Analyses of H4 K16 acetylation
Chromatin fractions were separated on 15% SDS-PAGE gel and transferred to a PVDF
membrane. Membranes were blocked with a 5% nonfat milk solution (5% nonfat dry
milk, 0.1% Tween, 1X Phosphate Buffered Saline, PBS, (0.127M NaCl, 2.7 mM KCl, 1.4
mM KH2PO4, 0.01 M Na2HPO4, pH 7.4)) for one h at room temperature and then
incubated overnight in anti-acetyl H4 K16 antibodies (Millipore, Cat# 07-329) (1:5000 in
PBS-T (PBS, 0.1% Tween 20)) at 4°C. Membrane was then incubated in HRPconjugated anti-rabbit antibodies (GE Healthcare Life Sciences, Cat# NA934) (1:10,000
in PBS-T). Membranes were stripped with 0.2 M NaOH at room temperature and
reprobed with anti-H3 (Abcam, Cat# ab1791) (1:6000 in PBS-T). Blots were visualized
using Luminata Crescendo Western HRP Substrate (Millipore) and imaged using
ChemiDoc XRS+ System. Blots were then quantified using Image LabTM Software 5.1.
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H 4K16acmut / H 4K16acWT
H 3mut / H 3WT
Data were calculated by using the following equation
, where mut

= indicated strain, mean ± SD, n=3. Data were analyzed by the Wilcoxon rank-sum test
with MSTAT v.6.3 (http://mcardle.oncology.wisc.edu/mstat).

2.6.2 Chromatin Fraction Analyses of SAS5-YFP
Protein blot analysis of Sas5-YFP levels in chromatin fractions was performed in a
similar manner as analysis of H4 K16ac levels (Section 2.6.1) with minor differences.
Briefly, proteins were separated on a 12% SDS-PAGE gel and transferred to PVDF
membrane and blocked as previously described (see Section 2.7.1). Membranes were
then incubated overnight with anti-GFP (Genetex, Cat# GTX113617) (1:2500 in 2%
nonfat milk, PBS-T (PBS, 0.1% Tween 20)) at 4°C. Membranes were then incubated in
HRP-conjugated anti-rabbit antibodies (GE Healthcare Life Sciences, Cat# NA934)
(1:10,000 in PBS-T). Membranes were stripped with 0.2 M NaOH at room temperature,
then re-probed with 1:5000 anti-PCNA antibodies (34,162). Blots were then visualized
and analyzed as described in Section 2.6.1.

2.6.3 Rad53p Phosphorylation Analyses
Logarithmically growing cells in YPD were treated with 200mM hydroxyurea
(HU) for three h, and were then collected for whole cell extracts. Logarithmically
growing cells without treatment were also collected. Whole cell extracts were prepared
by resuspending and incubating cells in 2.0 M NaOH with 8% β-mercaptoethanol for five
min on ice. Cells were then washed in high salt extraction buffer (40 mM HEPES pH 7.5,
350 mM NaCl, 0.1% Tween, 10% glycerol) and resuspended in 2X SDS sample buffer.
Whole cell extracts were separated on a 12% SDS-PAGE gel and transferred to a PVDF
membrane. Membranes were blocked with 5% BSA in PBS overnight at 4°C and
incubated in anti-Rad53p antibodies (Abcam, Cat# ab104232)(1:2000) for two h at room
temperature followed Alex Fluor 680 anti-rabbit antibodies (Invitrogen, Cat# A21109)
(1:5000) for two h at room temperature. Blot was imaged using Odyssey infrared imager
and Odyssey software v1.2.
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2.7 Growth Assays of Sensitivity to DNA-Damaging Agents
Wild-type and mutant yeast were grown logarithmically overnight in CSM-URA
medium, diluted to 1x104 cells/ml, then 2.5 ml of 10-fold serial dilutions were spotted
onto YPD medium with or without noted amounts of HU, methylmethane sulfonate
(MMS), or Zeocin or treatment with UV as described previously (see (74)).

2.8 Flow Cytometry Analyses
Cells were grown logarithmically in YPD to an OD600 of ~0.4/mL and were then
treated with a final concentration of 200 mM HU. After three h, cells were washed 3x
with YPD, resuspended in 20 mL of YPD and incubated at 23°C. One mL of cells were
collected prior to HU treatment, after three h of HU treatment, and every 15 min after
release from HU for three h. Cells were pelleted by centrifugation and resuspended in
70% EtOH and incubated at room temperature for one hour before storing the cells
overnight at 4°C. Cells were then washed 2X in FACS buffer (200 mM Tris-HCl, 20 mM
EDTA, 0.001% NaN3), resuspended in 100 µL of .1% RNase in FACS buffer solution
and incubated for 2 h at 37°C. Cells were washed 1X with PBS prior to incubating in 100
µL of propidium iodide solution (0.05 mg/mL propidium iodide in PBS) for ≥1 hr at 4°C.
Prior to analysis the samples the volume was increased to one mL with PBS and samples
were briefly sonicated (Branson Sonifier 450, VWR Scientific) before analysis by Flow
Cytometry (BD Accuri C6).

2.9 Phos-Tag Gels
Cells were grown to ~0.4 OD600/mL and were then incubated with 10 µg/mL αfactor for three h. Cells were then washed 2X with YPD and resuspended in YPD with 10
µg/mL Pronase from Streptomyces griseus (Sigma). Samples were collected prior to G1
arrest, after G1 arrest, and then every 15 min for one h upon release into YPD with 10
µg/mL Pronase. Whole cell extracts were prepared from each collected sample as
follows: Cells were collected by centrifugation and washed with cold 20%
Trichloroacetic acid (TCA). Cells were resuspended in 250 µl with 20% TCA and lysed
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by adding 250 µl of zirconia/silica beads (BioSpec, Cat# 11079105z) and vortexing cells
in a mulivortexer for ~20 min at 4°C. Lysate was transferred to fresh eppendorf tube.
Beads were washed with 300 µl 20% TCA and combined with previously collected
lysate. 700 µl of TCA was added to lysate and centrifuged at 14,000xg for 10 min at 4°C.
Supernatant was discarded and pellet was washed with cold 750 µl 100% EtOH.
Supernatant was discarded and the pellet was resuspended to a final concentration of 0.05
OD600/mL in 2X SDS-PAGE sample buffer diluted from 4X with 1M Tris-HCl, pH 8.0.
Whole cell extracts were then resolved on a 7% SDS-PAGE gel with 30 µM Phos-tagTM
reagent (Wako Pure Chemical Industries, Cat# 304-93521) and 30 µM MnCl2. The PhostagTM reagent and Mn2+ ions form a complex that will bind to phosphate groups and result
in phosphorylated proteins migrating more slowly through the SDS-PAGE gel. Prior to
transferring proteins to PVDF membranes, the SDS-PAGE gel was washed in 2 mM
EDTA (Ethylenediaminetetraacetic acid) in transfer buffer (25 mM Tris, 192 mM
Glycine) for 10 min to eliminate Mn2+ ions, and then washed in transfer buffer for 10
min. After transfer, the membranes were blocked overnight in blocking buffer (5% milk
diluted in Phosphate Buffered Saline with 0.1% Tween) at 4°C and incubated with antiFLAG antibodies (Abcam, Cat# ab45766) (1:2500). Membranes were then washed as
above and incubated with anti-mouse HRP-conjugated secondary antibodies (GE
Healthcare Life Sciences, Cat# NA931VS) (1:10,000). Blots were visualized using
Luminata Crescendo Western HRP Substrate (Millipore) and images of the membranes
were collected using ChemiDoc XRS+ System.
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CHAPTER 3: CAC1 AND H4 K16 ACETYLATION REGULATE
SILENCING VIA A CDC7-DEPENDENT PATHWAY AT
HMRAE** IN SACCHAROMYCES CEREVISIAE

3.1 Introduction
During DNA replication nucleosomes must be disassembled from in front of the
replication fork and reassembled behind the replication fork. Reassembly must be
conducted in a coordinated manner to ensure that histone modification patterns on these
nucleosomes and specialized chromatin on loci are maintained on nucleosomes
containing parental histones as well as re-created on nucleosomes containing newly
synthesized histones after DNA replication to ensure epigenetic states are inherited
(3,163,164). The process of nucleosome assembly involves deposition of a H3/H4 histone
tetramer, which is then followed by the addition of H2A/H2B dimers (13,29,165,166).
Histone chaperones that play predominant roles in transporting histones H3/H4 and
chromatin assembly during DNA replication in Saccharomyces cerevisiae include Asf1p,
CAF-1, and Rtt106p. The interaction between H3-H4 and Rtt106p or CAF-1 is promoted
by H3 K56ac (25), which requires Asf1p to present H3-H4 as a substrate for the
acetyltransferase Rtt109p (22,167,168). This effect, in combination with the ability of
CAF-1 and Rtt106p to bind H3-H4 tetramers (26-29,94), and Asf1p to bind exclusively
to H3-H4 dimers in a manner that prevents H3-H4 tetramer formation (30,31), supports a
model in which Asf1p functions upstream of CAF-1 and Rtt106p during and transfers
H3-H4 to CAF-1 and Rtt106p. In this model, CAF-1 and/or Rtt106p then promote H3/H4
tetramer formation onto newly synthesized DNA, with CAF-1 likely being recruited to
the replication fork through an interaction with the DNA processivity factor PCNA
(28,33).
The fidelity of replication-coupled chromatin assembly impacts gene silencing in
S. cerevisiae as well as epigenetic processes in species ranging from Drosophila to
Schizosacchromyces pombe to humans (20,164,169,170). In budding yeast, silent
chromatin is transcriptionally inactive and is formed at the silent mating-type loci HMR
and HML by the initial recruitment of Silent Information Regulator proteins Sir1p, Sir2,

37
Sir3p and Sir4p to the regulatory regions of these HM loci. Upon being recruited to the
HMR-E silencer, Sir2p, Sir3p, and Sir4p then propagate throughout the region to form
silent chromatin (171-173). Sir propagation requires the deacetylation of H4 K16 by
activity of the NAD+-dependent histone deacetylase Sir2p, which generates a higher
affinity binding site for Sir3p (171,172,174-176). Once established, silent chromatin is
efficiently maintained throughout the cell cycle and inherited upon DNA replication,
thereby ensuring a transcriptionally silenced epigenetic state in cells and their progeny
(20,45,177).
Screens designed to uncover mutations that restore silencing at an HMR locus
containing a crippled E silencer, e**, have identified several factors involved in DNA
replication or chromatin modification (74,75,126,178). HMRae** contains point
mutations in the Rap1p and Abf1p binding sites within the E silencer (Figure 3.1A),
which lead to loss of silencing of a1-a2 at HMRae** by preventing Sir proteins from
being recruited, and results in the inability of MATα cells to mate due to their a/α
pseudodiploid expression state (179). Thus, HMRae** serves as a model locus for
analyzing mutations that cause off-target silencing at normally transcriptionally active
loci. Previous studies by others and our lab have demonstrated that loss of acetylation at
H4 K16, either by deleting genes encoding subunits of SAS-I (SAS2, SAS4, and SAS5) or
by mutating H4 K16 to R, results in restoration of silencing at HMRae**
(74,152,180,181), indicating the importance of this modification in promoting the
formation of silent chromatin. CAF-1 and Asf1p both interact with SAS-I, and loss of
CAC1 or ASF1 results in a decrease in chromatin-associated H4 K16ac levels
(75,152,182). H4 K16 acetylation is cell cycle-regulated and H4 K16ac levels increase
during S phase, but this increase is delayed in cac1Δ or asf1Δ mutants (129). Mutations
in PCNA that disrupt or weaken PCNA’s interaction with Cac1p also exhibit decreased
chromatin-associated H4 K16ac levels (75). These PCNA mutants can rescue silencing at
HMRae** by restoring Sir recruitment to this locus (75).
Mutants of CDC7 restore silencing at HMRae** as well (126). CDC7, which
encodes a serine/threonine replication kinase, is essential, as Cdc7p phosphorylates
several subunits of the MCM helicase to initiate unwinding of DNA at origins of DNA
replication (134,135). Cdc7p’s kinase activity is activated by binding to the cyclin Dbf4p,
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which, unlike Cdc7p, is only expressed from late G1 through S phase (132,136,183). In
human cells, Cdc7 phosphorylates p150, the largest subunit of CAF-1, which stabilizes
p150 as a monomer (137). This monomeric form of p150 has a more stable interaction
with PCNA (137). In yeast, Cac1p, the homolog of p150, is also phosphorylated by
Cdc7p in vitro (131), but the significance Cdc7p-mediated phosphorylation of Cac1p in
vivo has remained unclear.
In addition to CAF-1 being involved in chromatin assembly during DNA
replication, CAF-1 promotes histone deposition after repair of UV-damage (184,185). In
yeast, CAF-1 mutants are sensitive to multiple types of DNA damage and CAF-1,
together with Asf1p, promote checkpoint deactivation after DNA repair (138,141,142).
Exposure to DNA damage also alters Cac1p’s phosphorylation states (186), but the
impact of these phosphorylation events has not been assessed previously. Here we
provide evidence that Cdc7p influences silencing, in part, via a CAF-1-mediated pathway
involving SAS-I and H4 K16ac, and describe interactions between CDC7 and CAC1 in
response to DNA damage.

3.2 Results
3.2.1 Loss of CAF-1 restores silencing at HMRae**, which is suppressed by
overexpression of SAS2.
Loss of genes encoding H4 K16-specific acetyltransferase SAS-I subunits SAS2,
SAS4 or SAS5, or loss of H4 K16 acetylation via the H4 K16R mutation, or catalytic
inactivation of Sas2p, restores silencing at HMRae** (74,88,152,180,181). Sas4p
interacts with the chromatin assembly factor Asf1p (152,182,187), and loss of ASF1 also
restores silencing at HMRae** (74,152). As SAS-I also immunoprecipitates with CAF-1
(152), and Asf1p and CAF-1 interact in vitro and in vivo (27,188) (Chapter 4, Figures 4.4
and 4.5), we tested if inactivation of CAF-1 via loss of CAC1 also led to restoration of
silencing at HMRae**. Like in asf1Δ mutants, silencing was restored at HMRae** in
cac1Δ mutants relative to wild-type (Figure 3.1B, 3.1C) in patch mating assays (see also
(161)). Consistent with restoration of silencing occurring through defects in SAS-I-
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mediated H4 K16ac during chromatin assembly, overexpression of SAS2 suppressed
silencing at HMRae** in both cac1Δ and asf1Δ mutants (Figure 3.1B).
3.2.2. cdc7 mutants have defects in H4 K16 acetylation
As Cdc7-dependent phosphorylation of p150 promotes monomerization of p150
in vitro and interaction between p150 and PCNA (137), we considered whether Cdc7p
could regulate CAF-1-dependent functions in yeast. Consistent with this model, cdc7-90
mutants also restored silencing at HMRae** in a SIR2-dependent manner (Figure 3.1D,
see also (126)). Similar to cac1Δ and asf1Δ mutants, overexpression of SAS2 in cdc7-90
mutants also suppressed silencing at HMRae** (Figure 3.1B, 3.1E), implying mutation of
CDC7 had created defects in a pathway involving CAF-1 and SAS-I.
We have previously demonstrated that the PCNA mutant pol30-8, which has
defects in CAF-1-dependent pathways (15,32,74,75), also restores silencing at HMRae**,
and both cac1Δ and pol30-8 mutants have hypoacetylated H4 K16 in chromatin (74,75)
(Figure 3.2). To test whether cdc7 mutants had similar histone modification defects, we
analyzed the levels of H4 K16ac in chromatin fractions by quantitative protein blots. H4
K16ac levels in chromatin were reduced in cdc7-90 mutants compared to wild-type yeast,
as well as in cac1Δ and sas2Δ mutants (Figure 3.2, p=0.03), supporting a model in which
CDC7 regulated SAS-I-dependent H4 K16ac via modulating CAF-1 activity.
The mcm5/bob1-1 mutant of the replicative helicase acts as a bypass suppressor of
an essential function of CDC7 during DNA replication (136). To assess whether bob1-1
also suppressed cdc7-dependent histone H4 acetylation defects, we evaluated the levels
of chromatin-associated H4 K16ac in cdc7-90 bob1-1, cdc7Δ bob1-1 and bob-1-1
mutants in these experiments. However, bob1-1 could not restore H4 K16ac in cdc7Δ
mutants to wild-type levels (Figure 3.2, p=0.03), and chromatin-associated H4 K16 was
also hypoacetylated in bob1-1 mutants relative to wild-type (Figure 3.2, p=0.03),
implying the MCM helicase plays a previously unrecognized role in promoting H4
K16ac. Consistent with their defect in H4 K16ac, bob1-1 mutants also restored silencing
at HMRae** relative to wild-type (Figure 3.3A). In contrast, silencing was lost at
HMRae** in cdc7-90 bob1-1 mutants (Figure 3.3A), indicating hypoacetylation of H4
K16 was not sufficient to restore silencing in this context.
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As the above observations implied CDC7 may contribute to silencing at
HMRae** by more than one mechanism, we monitored silencing at HMRae** in cac1Δ,
cdc7-90, and cac1Δ cdc7-90 mutants relative to wild-type yeast via quantitative mating.
In these analyses, cac1Δ and cdc7-90 mutants interacted synthetically to restore silencing
at this locus (Figure 3.3B). We also conducted synthetic interaction analyses for silencing
at an HMR locus containing a wild-type E silencer, HMR::ADE2 (Figure 3.3C) in cac1Δ,
cdc7-90, and bob1-1, as well as double and triple mutant combinations relative to wildtype yeast at permissive (23oC and 27oC) and restrictive (30oC) temperatures for cdc7-90
(Figure 3.3D). When silent chromatin is formed at HMR::ADE2 in wild-type cells,
colonies appear red in color, which is caused by an accumulation of a pigment when
ADE2 is not expressed. However, if silencing is lost, then ADE2 will be expressed, and
colonies will be white. If a defect in the establishment of silencing occurs, then colonies
will have a sectored appearance, with some sectors being pink/red and others being
white. Defects in maintenance or inheritance of silent chromatin can result in pink
colonies (161,189). At restrictive temperature, cac1Δ bob1-1, cdc7-90 bob1-1 and cac1Δ
cdc7-90 bob1-1 mutants all grew as sectored colonies, similar to cac1Δ mutants,
indicative of two different stable epigenetic states co-existing in these mutants. In
contrast, bob1-1 mutants grew as pink colonies indicating silencing at HMR::ADE2 was
also compromised in the bob1-1 mutants relative to wild-type, implying mild defects in
the replicative helicase could affect the efficiency with which silencing was inherited or
maintained. Similar phenotypes were largely observed at 27oC, except the now viable
cac1Δ cdc7-90 mutants grew as white colonies, whereas sectoring was restored in
cac1Δ cdc7-90 bob1-1 mutants, similar to cdc7-90 bob1-1 mutants or the cdc7-90
mutants alone. Growth of pink or sectored colonies could also be restored to the cac1Δ
cdc7-90 mutants at 23oC (Figure 3.3D). Together these results, and those outlined below,
implied CDC7 could affect silencing by multiple mechanisms, at least one of which was
independent of CAC1 and compromised in the cdc7-90 mutants at 27oC.
3.2.3 cdc7-90 functions in a H3 T45 phosphorylation-independent manner to restore
silencing at HMRae**
In budding yeast, Cdc7p phosphorylates H3 T45 in vitro and in vivo in a cell
cycle-dependent manner (190). As defects in certain histone modifications (H3 K56ac,
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H4 K16ac) restore silencing at HMRae** (74,152), and cdc7 influenced silencing by
more than one mechanism (see above), we tested whether loss of H3 T45
phosphorylation could also restore silencing at HMRae**. Silencing at HMRae** in H3
T45A mutants was compared to H4 K16R mutants or wild-type histones H3 and H4 in
patch mating assays. In contrast to cdc7-90 mutants (Figures 3.1C and 3.3A) and H4
K16R mutants (Figure 3.4A), H3 T45A mutants did not restore silencing at HMRae**
(Figure 3.4A).
To further explore potential impacts of H3 T45 phosphorylation on silencing, we
monitored silencing at the HMR::ADE2 reporter gene (Figure 3.3C) in H3 T45A, cac1Δ
and H3 T45A cac1Δ mutants relative to wild-type yeast by monitoring the color of
colonies. In this assay, cac1Δ mutants grew as pink and white sectored colonies and H3
T45A mutants were a mix of red, white, and pink colonies. When the H3 T45A mutant
was expressed in cac1Δ mutants, more pink and white colonies grew and fewer red
colonies were present (Figure 3.4B). The impact of constitutive phosphorylation at H3
T45 on silencing could not be assessed as the phospho-mimic H3 T45D was lethal (data
not shown, see also (190) for lethality of H3 T45E). Together, these results are consistent
with CDC7 acting via a H3 T45-independent mechanism to restore silencing at
HMRae**, as well as affecting silencing at HMR::ADE2, in part, by modulating the
phosphorylation state of H3 T45.
3.2.4 Cac1p and Cdc7p associate in a cell cycle-dependent manner
The vertebrate ortholog of Cac1p, p150, interacts with Dbf4, the regulatory
subunit of the cell cycle-dependent kinase Cdc7 in vitro, and Dbf4/Cdc7 co-precipitates
with p150 in mammalian cell extracts (137). To determine if interactions between Cdc7p
and Cac1p were conserved in yeast, we applied FLIM-FRET (see Chapter 2.3). The
lifetime of GFP was measured in live cells expressing either Cdc7-GFPp (donor
fluorophore) only, or Cdc7-GFPp plus Cac1-mCherryp (acceptor) or Spc29-mCherryp
(negative control acceptor) in small-budded, logarithmically growing cells. In these
analyses, the lifetime of GFP decreased in budded cells expressing both Cdc7-GFPp and
Cac1-mCherryp, relative to cells expressing Cdc7-GFPp alone, indicating Cdc7p and
Cac1p were co-localized within 10 nm of each other in the nuclei of live, small budded
cells (Figure 3.5). To confirm these protein-protein interactions, FRET efficiency
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between Cdc7-GFPp and Cac1-mCherryp, was calculated from the lifetimes obtained
from the TCSPC decay histograms and fitted by a double exponential function. The
FRET efficiency of Cdc7-GFPp with Cac1-mCherryp was 16% and 10% in independent
analyses of two clones (Figure 3.5B). No such interaction was observed in cells
expressing Cdc7-GFPp and the control Spc9-mCherryp (Figure 3.5). To test if this
interaction between Cdc7p and Cac1p was cell cycle-dependent, we performed the same
experiment with live cells arrested in G1 phase with a-factor. Under these conditions, the
lifetime of GFP in cells expressing both Cdc7-GFPp and Cac1-mCherryp, did not change
relative negative controls in G1 phase (Figure 3.5A). As yeast Cdc7p protein is expressed
throughout the cell cycle, but Dbf4p is degraded outside of S phase (132,183), these
results indicated that yeast Cac1p and Cdc7p interacted in the nucleus in a cell cycledependent manner, and likely a Dbf4p-dependent manner, in vivo.
3.2.5 Cac1p is phosphorylated in a cell cycle-dependent manner
To determine if this cell cycle-dependent interaction between Cdc7p and Cac1p
correlated with phosphorylation of Cac1p, we monitored phosphorylation of Cac1p in
synchronized cells when transitioning from G1 to S phase using PhosTagTM gels. In this
experiment, logarithmic CAC1-3X FLAG cells were arrested in G1 phase using α-factor
and then released into S phase. Samples were collected from logarithmic growing cells,
G1 arrested cells, and every 15 min for one hour after release into S phase, Cac1p was
then analyzed by resolving whole cell extracts on a PhosTagTM gel, which reduces the
mobility of phosphorylated proteins through a SDS-PAGE gel, resulting in a shift to a
greater molecular weight for phosphorylated proteins (191). A larger molecular weight
band, indicating that Cac1p was phosphorylated, was present in the logarithmic growing
samples, but disappeared once the cells are arrested in G1 phase (Figure 3.6A). However,
upon release into S phase, the larger molecular weight band reappeared, indicating Cac1p
was phosphorylated in a cell cycle-dependent manner. To test if the phosphorylated form
of Cac1p disappeared upon the deactivation of CDC7, we performed the same
experiment using a CAC1-3X FLAG cdc7-90 bob1-1 strain, thereby bypassing the
requirement for Cdc7p to initiate DNA replication (192), and allowing cells to grow at
30°C. However, a similar phosphorylation pattern of Cac1p was observed in the CAC13X FLAG cdc7-90 bob1-1 cells (Figure 3.6B), indicating that Cdc7p was not the only
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kinase that interacted with Cac1p in S phase. These results were consistent with work that
was published during the course of this study, which observed both CDC28-dependent
and CDC28-independent cell cycle-regulated phosphorylation of Cac1p, and also
identified Cac1p as an in vitro substrate for Cdc7p at S503 (131). However, in contrast to
cdc7 mutants, cdc28 mutants are unable to restore silencing at HMRae** (178), implying
phosphorylation of Cac1p by Cdc28p does not regulate CAF-1/SAS-I-dependent H4
K16ac.
3.2.6 cac1 phospho-mutants affect silencing at HMRae**
To evaluate the impact of Cdc7p-dependent phosphorylation of Cac1p on
silencing at HMRae**, we examined potential Cdc7p targets on Cac1p. Cdc7p
preferentially phosphorylates serines or threonines within the consensus site (S/T-D/E)
(193-195). One potential target of Cdc7p on Cac1p is S238, which is adjacent to the sole
PIP box (a PCNA-interaction motif) on Cac1p, and is phosphorylated in budding yeast in
vivo (186,196). S238 in Cac1p was mutated to A or D to mimic constitutively
unphosphorylated or phosphorylated, states, respectively, at this residue, and cac1
mutants were expressed from an ARS/CEN plasmid in HMRae** cac1Δ strains. Silencing
at HMRae** was then evaluated by patch mating assays. Expression of CAC1 or cac1
S238D, but not S238A or vector alone, in MATα HMRae** cac1Δ mutants suppressed
silencing at HMRae** (Figure 3.7A), consistent with phosphorylation at this Cdc7p
consensus site being important for Cac1p function.
S503 of yeast Cac1p also lies within a Cdc7p consensus site, is phosphorylated by
Cdc7p in vitro (131), and has been verified to be phosphorylated in vivo by mass
spectrometry in high-throughput studies as well as during the course of this work (data
not shown; see also (131,186,196-198). To assess effects of this residue on Cac1p
function, CAC1, cac1 S503A, cac1 S503D, or vector alone, were introduced into MATα
HMRae** cac1Δ mutants, and silencing was evaluated by patch mating assays. cac1
S503D partially suppressed silencing at HMRae**, similar to wild-type CAC1. In
contrast, cac1 S503A mutants, like vector alone, supported silencing at HMRae** (Figure
3.7B), indicating the charge state at this residue affected Cac1p function.
To confirm the above observations were not due to lack of protein expression, the
above experiments were repeated in analogous strains expressing CAC1-3XFLAG or
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cac1-3XFLAG phospho-mutants. All cac1-3XFLAGp phospho-mutants were expressed
efficiently, with some clone-to-clone variation for each genotype observed relative to
wild-type (Figure 3.8A and data not shown, see also ((131)). Overall, similar patterns in
silencing at HMRae** were observed for both the tagged and untagged strains (Figures
3.7A, 3.7B and 3.8B, 3.8C and data not shown). Moreover, cac1p with mutations at these
residues could rescue defects in other silencing and DNA damage assays (see below).
3.2.7 cac1 S238 and S503 mutants support silencing at HMR::ADE2
As loss of CAC1 causes defects in silencing at HMR::ADE2 (Figure 3.3D, see
also ((74,152,199)), we also assessed silencing in cac1 phosphorylation mutants by
expressing either wild-type CAC1, cac1 S238, 503A, cac1 S238, 503D, cac1 S501, 503A,
cac1 S501, 503D, or vector alone in HMR::ADE2 cac1Δ strains and monitoring colony
color. Yeast expressing CAC1 were red indicating HMR was silenced, and cac1Δ mutants
with the empty vector were sectored, indicating silencing defect (Figure 3.9).
HMR::ADE2 cac1Δ strains expressing any of the CAC1 mutants were also red, indicating
these changes in phosphorylation status of Cac1p at S238 and S503, or S501 and S503
could support silencing at HMR::ADE2 (Figure 3.9).
To further explore the role of these Cac1p residues, we expressed either CAC1,
cac1 S238, 503A, cac1 S238, 503D or vector alone in several pol30 mutant backgrounds,
including pol30-8 or pol30-79. pol30-8 mutants have defects in silencing primarily
related to a CAF-1-dependent pathway, defects in binding to Cac1p in vitro, and are
epistatic to cac1Δ for silencing and DNA damage responses (15,32). pol30-79 mutants
also have silencing and Cac1p-binding defects, but instead exhibit defects primarily in
ASF1-dependent pathways (15,32). Expression of CAC1 in HMR::ADE2 cac1Δ pol30-8
mutants yielded similar silencing defects as vector alone (see also (15)). cac1Δ pol30-8
strains expressing cac1 S501, 503 mutants remained similarly defective in silencing, and
cac1 S238, 503 mutants exhibited clonal variability in silencing defects (Figure 3.9 and
data not shown). HMR::ADE2 cac1Δ pol30-79 cells expressing CAC1 partially
suppressed the silencing defect observed in vector alone, and grew as pink colonies as did
S501, 503 A and D mutants (Figure 3.9). Expression of the cac1 phospho-mutants in
HMR::ADE2 cac1Δ strains containing other pol30 mutations (see below) restored
silencing to a similar extent as CAC1 (Figure 3.9, see also (200)). Together, these results

45
indicated the cac1 phospho-mutants could function in replication-coupled chromatin
assembly, and were largely competent for silencing an HMR locus containing a wild-type
E silencer. These data were also consistent with mutations in S238 affecting silencing in
certain contexts.
3.2.8 cdc7-90 and cac1Δ synthetically interact in the presence of DNA damage.
cdc7 and

cac1Δ mutants

are

sensitive

to

DNA

damaging

reagents

(141,142,190,201), and changes in the phosphorylation status of Cac1p at S501 and S503
occurs upon exposure to DNA damage (186). To assess the relationship between cac1Δ
and cdc7-90 in the presence of DNA damage, initially we conducted synthetic interaction
analyses between cac1Δ and cdc7-90 mutants in the presence or absence of HU (an
inhibitor of ribonucleotide reductase, which slows replication forks (202)), MMS (an
alkylating agent causing single and double stranded DNA breaks (203)), or Zeocin
(causes double stranded DNA breaks (204)) using serial dilution growth assays. cac1Δ
cdc7-90 mutants had greater defects in growth relative to either single mutant or wildtype on rich media, and this defect was further enhanced in the presence of HU, MMS, or
Zeocin (Figure 3.10A), indicating at least one of these proteins functioned in a second
pathway during responses to DNA damage.
As phosphorylated H3 T45 accumulates in the presence of HU or campothecin,
but not MMS (190), and H3 T45A mutants are sensitive to HU and campothecin (190),
the above synthetic interaction could have been related, in part, to defects in Cdc7pdependent phosphorylation of H3 T45. To test this possibility, we monitored damage
sensitivity in wild-type cells relative to cac1Δ, H3 T45A, and cac1Δ H3T45A mutants. A
decrease in growth of the double mutant relative to the H3 T45A mutant in HU was
observed, and implied that phosphorylation defects at H3 T45 may have contributed to
the synthetic interaction observed between cdc7-90 and cac1Δ mutants (Figure 3.10B)
(see Section 3.3).
3.2.9 cac1Δ cdc7-90 mutants exhibit premature release from hydroxyurea-induced arrest
As Cdc7 participates in activation and attenuation of DNA damage checkpoint
responses (205-208), the synthetic defect in cac1Δ cdc7-90 mutants in response to DNA
damage (Figure 3.10A), raised the possibility that the cac1Δ cdc7-90 mutants had a
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defect in checkpoint activation. Therefore, we analyzed the phosphorylation status of
Rad53p in wild-type, cac1Δ, cdc7-90, and cac1Δ cdc7-90 mutants that were grown in
rich media in the presence or absence of HU for three hours prior to harvesting cells for
analysis of extracts by protein blots. Under these conditions, Rad53p became
phosphorylated efficiently when treated with HU in both wild-type and mutants tested,
indicating that the increase in sensitivity to DNA damage for the cac1Δ cdc7-90 mutant
was not caused by the failure to activate Rad53p per se (Figure 3.11A).
We next tested if the increased sensitivity to DNA damage in cac1Δ cdc7-90
mutants was instead related to a defect in cell cycle progression upon release from DNA
damage-induced arrest. To do so, we monitored the progression of cac1Δ cdc7-90
mutants through the cell cycle after release from HU relative to wild-type cells or single
mutants by flow cytometry. Logarithmically growing cells were treated with HU for three
hours, and then washed, and released into fresh YPD. Samples were collected before the
arrest (asynchronous), during the arrest (0 min), and every 15 min for three h after release
from arrest. In this experiment, cac1Δ cdc7-90 cells exhibited a premature release from
checkpoint arrest relative to single mutants or wild-type cells, consistent with an impaired
recovery from the DNA damage response (Figure 3.11B).
3.2.10 cac1 phospho-mutants suppressed synthetic interactions between pol30 and cac1Δ
mutants
Recently, Elledge and colleagues quantified global changes in phosphorylation of
proteins in budding yeast upon exposure DNA damage (186), and identified Cac1p as
being differentially phosphorylated upon treatment with MMS, HU, or IR. In this
analysis, the number of phosphopeptides identified with phosphorylation at S501, or
S503 on Cac1p, decreased, or increased, respectively. As CDC7 functions in DNA repair
(195,209-212), we evaluated effects of phosphorylation mimics at these residues on
responses to DNA damage. To do so, we expressed cac1 S501, 503A or cac1 S501, 503D
mutants in POL30 cac1Δ cells as well as in pol30 mutants exhibiting defects in several
repair pathways (Figure 3.12A, 3.12B), including translesion synthesis DNA repair and
error-free DNA repair (loss of mono- or polyubiquitination, respectively, of PCNA in
pol30 K164R mutants) and homologous recombination (loss of sumoylation of PCNA in
pol30 K127R and pol30 K127, 164R mutants) (158,200,213-222). Like CAC1, expression
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cac1 S501, 503A or cac1 S501, 503D mutants in POL30 cac1Δ cells suppressed DNA
damage sensitivity relative to vector alone (Figure 3.12A, 3.12B) implying the cac1
phospho-mutants were competent for DNA repair-coupled chromatin assembly. pol30
K164R cac1Δ mutants containing vector alone were hypersensitive to MMS, HU and UV
relative to either single mutant (Figure 3.12A, 3.12B). Expression of cac1
phosphorylation mutants in pol30 K164R cac1Δ cells suppressed this hypersensitivity,
similar to CAC1. In contrast, strong negative synthetic interactions between cac1Δ and
pol30 K127R or pol30 K127R K164R mutants were not observed, although pol30 K127R
partially suppressed hypersensitivity of cac1Δ mutants to MMS (Figure 3.12A).
We next conducted similar analyses for cac1 S238, 503A or cac1 S238, 503D
mutants (Figure 3.13). Expression cac1 S238, 503A or cac1 S238, 503D mutants, but not
vector alone, in POL30 cac1Δ cells similarly suppressed DNA damage sensitivity (Figure
3.13). DNA damage sensitivity was also suppressed in the pol30 cac1Δ mutants (Figure
3.13). Thus, the charge states of these residues on Cac1p were not critical for repairrelated role(s) of Cac1p under the conditions tested, whereas altering a key binding
surface on PCNA and/or preventing sumoylation of PCNA on K127 in response to DNA
damage overcame a DNA repair defect related to CAF-1-dependent chromatin assembly.

3.3 Discussion
Deposition of H4 K16ac occurs independently of transcription and histone
exchange, indicating that acetylation of H4 K16 predominantly occurs during replicationcoupled chromatin assembly (223). Cac1p also interacts with SAS-I (152) and is
important for the efficiency of acetylation of H4 K16 by Sas2p during S phase (129). In
this study, we provide evidence that CDC7 influences silencing through a Cac1pmediated pathway that affects H4 K16ac. We demonstrated that defects in CDC7 or
CAC1 restored silencing to HMRae**, and overexpression of SAS2 partially suppresses
this phenotype (Figure 3.1B, 3.1C, 3.1E), likely by modulating H4 K16ac levels as
chromatin-associated H4 K16 levels were decreased in cdc7 and cac1 mutants (Figure
3.2). We also showed that Cdc7p interacted with Cac1p during S phase, but not in G1
phase (Figure 3.5), which correlated with cell cycle-dependent phosphorylation of Cac1p
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(Figure 3.6A). In addition, we provide evidence that CDC7 and CAC1 can function in
independent pathways in response to DNA damage and influence proper release from the
DNA damage checkpoint arrest (Figures 3.10A and 3.11B), but that phosphorylation of
Cac1p at Cdc7p consensus sites is not required for function in the presence of DNA
damage (Figures 3.12 and 3.13). Together, these observations support a model in which
the deposition of H4, which is acetylated on K16 by SAS-I, is mediated by CAF-1 during
S phase, and that Cdc7p affects silencing by regulating this function of CAF-1, likely
through affecting CAF-1-SAS-I interactions, but potentially also through affecting CAF1-PCNA, CAF-1-DNA interactions (Figure 3.14) (discussed below).
3.3.1 Phosphorylation, CAF-1, and silencing
One potential way in which phosphorylation of Cac1p may be regulating CAF-1 function
is by influencing CAF-1’s interactions with other proteins. Human p150 is
phosphorylated by the kinase Cdc7 and phosphorylation of p150 regulates the activity of
p150 by stabilizing the monomeric (active) over the dimeric (inactive) form of p150
(137). The interaction between PCNA and p150 is more stable when p150 is in the
monomeric form, indicating Cdc7 promotes the interaction between p150 and PCNA. In
yeast, Cac1p has been observed to dimerize in vitro, but whether Cac1p’s function is
regulated by oligomerization or if phosphorylation regulates oligomerization in yeast has
not been reported (28,80). However, in cdc7-1 mutants, less PCNA co-precipitates with
Cac1p (131), indicating that Cdc7p somehow promotes the interaction between Cac1p
and PCNA. Cdc7p could regulate silencing in this manner as pol30 mutants that have
defects in interacting with CAF-1 restore silencing at HMRae** (32,75). S238 lies close
to the PCNA interacting domain (PIP box) in Cac1p (224) and the S238A mutation
results in a modest decrease in co-immunoprecipitation of PCNA with cac1p (131), and
phosphorylation of this residue by Cdc7p may influence the stability of Cac1p
(131)(Figure 3.8). However, cac1 mutants that lack phosphorylation at Cdc7p consensus
sites can still support silencing at HMR::ADE2 (Figure 3.9), and suppress defects in DNA
damage sensitivity of cac1Δ mutants (Figures 3.12 and 3.13). Like cdc7 mutants,
expression of cac1 S238A, but not cac1 S238D, restores silencing at HMRae** in cac1Δ
mutants (Figure 3.7A). In combination, these data support a model in which Cdc7p

49
influences silencing by regulating the interaction between Cac1p and PCNA via
phosphorylation of S238 on Cac1p (Figure 3.14).
Phosphorylation of Cac1p may also regulate interactions between CAF-1 and
other factors such as DNA or SAS-I and phosphorylation of S503 may influence
silencing through a mechanism that is different than that of S238 (Figure 3.14).
Expression of cac1 S503A, but not cac1 S503D, restores silencing at HMRae** in cac1Δ
mutants (Figure 3.7B). S503 falls within a region near the C-terminus of Cac1p between
the Cac2p binding region and the winged helix domain (WHD), which promotes CAF-1’s
binding to DNA (225,226), raising the possibility that Cdc7p modulates interactions
between Cac1p and DNA (Figure 3.14). However, cac1 S503Ap mutants are enriched in
chromatin like Cac1p (131). Recent studies have shown that the region containing or in
close proximity to S503 crosslinks with Cac2p, but has a slight increase in histonedeuterium exchange upon H3-H4 binding. Although S503 is not directly involved in
Cac1p-Cac2p binding, this residue is likely in close proximity to Cac2p, and could also
influence protein-protein interactions within the CAF-1 complex itself (80).
Alternatively, phosphorylation of Cac1p by Cdc7p may also affect the interactions
between Cac1p and SAS-I (Figure 3.14). Members of the SAS-I complex co-precipitate
with Cac1p, but not Cac2p or Cac3p (152). Additionally, cac1 S238, 503A mutants were
resistant to DNA damage relative to cac1Δ mutants (Figures 3.13) and sas2Δ mutants do
not exhibit growth defects relative to wild-type upon exposure to MMS, bleomycin, HU
or UV (data not shown). Therefore, our data best fits the model in which Cdc7p
modulates CAF-1-SAS-I binding or function, as opposed to CAF-1-PCNA and CAF-1DNA interactions (Figure 3.14), as these latter interactions are likely directly involved in
DNA repair-coupled chromatin assembly. Future analyses on cell cycle-dependent
interactions with Cac1p should reveal regulatory role(s) of Cdc7p during chromatin
assembly. Human p150 contains nine phosphorylated residues that match the Cdc7
consensus site (227) making it likely that Cdc7 affects interactions between p150 and
other binding partners in addition to PCNA in mammals.
3.3.2 CDC7, MCM5, DNA Replication and Silencing
Synthetic silencing interactions between cdc7-90 and cac1Δ mutants (Figure
3.3B), as well as the loss of silencing at HMRae** in cdc7-90 bob1-1 mutants despite
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hypoacetylation of chromatin-associated H4 K16 (Figures 3.2 and 3.3A) are consistent
with cdc7 affecting silencing by more than one mechanism. In contrast to H4 K16
hypoacetylation though, loss of Cdc7p-dependent phosphorylation of H3 T45 did not
restore silencing at HMRae** (Figure 3.4A). Another possible mechanism for cdc7 to
affect silencing is through origin firing. The HMR-E silencer can function as an
inefficient origin of replication (228,229) and a slight increase in origin firing at the e**
silencer relative to the E silencer at HMR has been observed previously (178). Therefore,
mutants such as cdc7 or cdc45-1 (126,178) that have defects in origin firing could help
restore silencing to HMRae**, and those that increase origin firing may cause defects in
silencing. However, this possibility is inconsistent with the observation that cdc7 bob1-1
mutants have an origin firing deficiency (230), and that several replication factor mutants
with defects in initiating replication also being unable to restore silencing to HMRae**
(178). Cdc7p promotes DNA replication, in part, by phosphorylating MCM proteins
(132-135), which, in turn, facilitates loading of Cdc45p onto MCM2-7 (231-235).
Crystallographic analyses indicates human Cdc45 directly interacts with both the Mcm5
and Mcm2 subunits of the MCM complex, and the interaction between Cdc45 and Mcm2
is likely weakened in yeast cdc45-1 mutants (236), whereas the bob1-1/mcm5 mutant
bypasses the requirement for phosphorylation by Cdc7p, presumably by adopting a
confirmation permissive for loading Cdc45p or stabilizing Cdc45p-MCM interactions
(230,236,237). The combination of cdc7 and bob1-1 may result in unique changes to the
CMG (Cdc45-MCM-GINS) helicase at the replication fork that adversely affect silencing
even though H4 K16ac is hypoacetylated in the double mutants (Figure 3.2). In this
scenario, hypoacetylation of H4 K16 would promote Sir recruitment to HMRae** in the
cdc7-90 bob1-1 mutants, but silent chromatin would be inefficiently maintained or
inherited during replication. Consistent with this model, bob1-1 mutants have a defect in
maintaining or inheriting silent chromatin at HMR::ADE2, which contains an intact E
silencer (Figure 3.3D). One testable possibility is that bob1-1 mutants may compromise
interactions between Sir2p and Mcm3p or Mcm7p proteins, which are mediated by
Mcm10p and are important for silencing (238). In Drosophila, depletion of Mcm2 or
Mcm5 proteins leads to a defect in chromatin condensation, and Mcm10 interacts with
heterochromatin protein 1 (HP1) (239). Perturbations of MCM structure could also
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potentially lead to a defect in histone disassembly during replication as Mcm2 interacts
with Asf1 in humans (77), and with FACT in yeast and humans via a histone bridge
(240). As defects in Mcm2p binding to histones causes silencing defects (240), defects in
Mcm2p association with one or more its interacting partners could also have affected
silencing in our experiments.
3.3.3 CAC1, CDC7, and DNA Damage
Cac1p is differentially phosphorylated at Cdc7p consensus sites upon exposure to
DNA damaging agents (186). However, the tested cac1 phospho-mutants behaved largely
similar to CAC1 in the presence of DNA damaging agents (Figures 3.12 and 3.13) and
cac1Δ and cdc7-90 synthetically interacted in response to DNA damage (Figure 3.10A).
Thus, our findings best fit a model in which CAC1 and CDC7 function independently in
DNA damage responses and phosphorylation of Cac1p at S503 and S501, may primarily
reflect a checkpoint-driven accumulation of cells within S phase in these experiments
(186). However, our observations do not preclude Cdc7p regulating Cac1p in response to
DNA damage in a subtle manner.
Although H3 T45 is phosphorylated by Cdc7p and accumulates in the presence of
DNA damage (190), loss H3 T45 phosphorylation did not phenocopy cdc7-90 or cac1Δ
mutants upon exposure to DNA damage (Figure 3.10B), indicating that defects in H3 T45
phosphorylation does not explain the synthetic interaction between cdc7-90 and cac1Δ
and that H3 T45 phosphorylation and Cac1p function independently. Consistent with this
observation, Baker et al. have demonstrated that H3 T45 phosphorylation and Rtt109pmediated H3 K56ac are not dependent on each other to occur (190), whereas H3 K56ac
lies upstream of CAF-1 in chromatin assembly by being required for the efficient
interaction between CAF-1 and H3-H4 (25).
Wild-type, cac1Δ, cdc7-90 and cac1Δ cdc7-90 mutants all activated the DNA
damage checkpoint in response to HU at permissive temperature (Figure 3.11A),
although loss of CDC7 in yeast results in the failure to hyperphosphorylate Rad53p in the
presence of HU (241). However, cac1Δ cdc7-90 mutants demonstrated a premature
release from arrest (Figure 3.11B), which could account for their damage-dependent
synthetic growth defects (Figure 3.10A). Consistent with our observations, cac1Δ
mutants lose Rad53p phosphorylation earlier than wild-type after the induction of a
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double-stranded break (138,241). Similar mechanisms may occur in humans, as like in
yeast (138), human CAF-1 is involved in chromatin assembly after DNA repair (144),
and human Cdc7 promotes activation of the ATR-Chk1 DNA damage checkpoint (206).
3.3.4 Broader Impacts
This study provides evidence for a role of Cdc7p in regulating Cac1p activity in silencing
and insight into how chromatin assembly factors are regulated in a cell cycle-dependent
manner. This work highlights how interactions between Cac1p and other proteins might
be regulated to ensure that certain binding partners only interact with Cac1p during
certain times in the cell cycle or, e.g. in the presence of DNA damage. For example,
Cac1p phosphorylation by Cdc7p in S phase may promote the interaction between Cac1p
and SAS-I, or restrict interactions between other proteins and Cac1p (Figure 3.14), thus
resulting in hypoacetylation of H4 K16 (Figure 3.2). Our observations provide a general
model for how protein-protein interactions with other assembly factors may be regulated
by post-translational modifications to ensure the maintenance of epigenetic states
throughout the cell cycle during different types of chromatin assembly. Indeed, yeast
Rtt106p was also reported to be a substrate of Cdc7p in vitro (131), the significance of
this modification is unknown, but this observation further supports the possibility of cell
cycle-dependent kinases regulating more than replication factors.
3.3.5 Summary
In yeast, cdc7-90 and cac1Δ mutants both exhibit silencing of off-target loci (126)
(Figure 3.1C) indicating a potential role for Cdc7p in regulating Cac1p activity during
early steps of silent chromatin formation. Here we show that CDC7 influences silencing
in a SAS-I-dependent manner and that cdc7 mutants have a reduction in chromatinassociated H4 K16ac, similar to cac1Δ mutants, all which provide support to a model in
which Cdc7p influences silencing by regulating Cac1p activity. This is further supported
by the observation Cdc7p and Cac1p interact in a cell cycle-dependent manner in vivo,
which coincides with the cell cycle-dependent phosphorylation of Cac1p. We also
provide evidence that cdc7-90 and cac1Δ synthetically interact in response to DNA
damage and that this could be caused by the early entry into G1 phase after release from a
HU arrest. This synthetic interaction does not rule out the possibility that Cdc7p regulates
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Cac1p, but does indicate that CDC7 most likely also functions in DNA damage in other
ways, likely through another substrate of Cdc7p. Here, we provide evidence that Cdc7p
can affect silencing by regulating H4 16 acetylation via a pathway involving CAF-1 and
SAS-I.
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Figure 3.1. cac1 and cdc7-90 restore silencing at HMRae**
A) HMRae** contains point mutations (asterisks) within the Rap1p and Abf1p binding sites of
the HMR E silencer. B) Overexpression of SAS2 disrupts silencing at HMRae** in cac1Δ and
asf1Δ mutants. C) cdc7-90 and cac1Δ mutants restore silencing at HMRae**. D) Silencing of
HMRae** in cdc7-90 mutants requires SIR2. E) Overexpression of SAS2 disrupts silencing
at HMRae** in cdc7-90 mutants. Cells with the indicated genotypes were grown on YPD at
23°C (for cdc7-90 mutants) or 30°C overnight, then replica plated onto either YM plates
containing a lawn of MATa cells or YPD plates, and were grown at 23° or 30°C for one to two
days. Only cells that were able to mate grew on YM plates.
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Figure 3.2. cdc7 mutants have defects in chromatin associated H4 K16 acetylation.
A) Chromatin fractions were analyzed by immunoblotting with anti-H4 K16ac and anti-H3
antibodies (See Chapter 2.5-2.6.1). H4 K16ac was normalized to H3 and expressed as a
percentage of H4 K16ac levels in wild-type cells. Avg. ± St. Dev., n=3. *P ≤ 3, Wilcoxon ranksum test. B) Western blot analyzing H4 K16ac levels in chromatin fractions. Chromatin
fractions were collected from logarithmically growing cultures that were all grown at 30° except
for cdc7-90 which was grown at 23°C. Chromatin fractions from indicated strains were analyzed
by immunoblotting with anti-H4 K16ac and anti-H3 antibodies (see Chapter 2.5-2.6.1).
Representative western blot of data shown in A.
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Figure 3.3. Effects of bob1-1 on silencing at HMRae** and HMR::ADE2.
A.) bob1-1 mutants restore silencing at HMRae**, but suppress silencing in cdc7 mutants.
Patch mating assays were conducted with the indicated MATα HMRae** strains at 23oC (left) or
30oC (right) as outlined in Figure 3.1 and Chapter 2.2). B.) cdc7 and cac1 interact synthetically
in silencing at HMRae**. The efficiency of mating of the indicated MATα HMRae** cells to
tester strain JRY2726 (MATa) was determined relative to their plating efficiency on minimal
(YM) medium containing supplements (0.0040 ± 0.0011%, n = 4), and was set to 1. The mating
efficiency of each mutant relative to wild-type MATα HMRae** cells is shown. Avg. ± St. Dev.,
n = 4. C-D) bob1-1, cac1 and cdc7-90 mutants affect silencing at HMR::ADE2. C.) Map of
HMR::ADE2. D.) Colony color assay. Yeast with indicated genotypes were grown overnight in
YPD at 230C, then spotted onto a CSM plate and incubated for two or three days at 30°C, 27°C,
or 23°C, then incubated for four days at 4°C prior to imaging.
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Figure 3.4. Effects of H3 T45 on silencing at HMRae** and HMR::ADE2
A.) H4 K16R, but not H3 T45A, restores silencing at HMRae**. Patch mating assays were
conducted with the indicated MATα HMRae** strains and done as previously described in Figure
3.1. B.) cac1Δ and H3 T45A interact synthetically in silencing HMR::ADE2. Yeast with
indicated genotypes were grown overnight in YPD, spotted onto a CSM-URA plate, incubated for
two days at 30°C, and then incubated for four days at 4°C prior to imaging.
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Figure 3.5. Cac1p and Cdc7p interact in a cell cycle-dependent manner.
A) Confocal fluorescence lifetime images of GFP in strains expressing the indicated fluorescently
tagged proteins. FLIM scale bar: 2 nanoseconds, blue; 3 nanoseconds, red. B) FRET efficiency of
the indicated strains. Live cells were analyzed by FLIM-FRET, with S phase cells reflecting
small-budded cells from logarithmic cultures, and G1 phase cells reflecting yeast that had been
arrested using α-factor (see Chapter 2.3)
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Figure 3.6. Cell cycle regulation of Cac1p phosphorylation
A) Cac1p is phosphorylated in a cell cycle-dependent manner. B) Cac1p is not exclusively
phosphorylated by Cdc7p. Whole cell extracts prepared from CAC1-3X FLAG or CAC1-3X
FLAG cdc7-90 bob1-1 cells collected during logarithmic growth, G1 arrest, and every 15 min for
one hour after release into S phase. Samples were separated on a 30 µM PhosTag Gel, 7% SDSPAGE gel and analyzed by immunoblotting with anti-FLAG antibodies followed by incubating
with anti-mouse HRP-conjugated antibodies (see Chapter 2.9)
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Figure 3.7. cac1 S238A and S503A mutants silence HMRae**
Patch mating assays were performed as in Figure 3.1 with MATα HMRae** cac1Δ::KanmX
strains expressing CAC1, cac1 S238 (B) or S503 (C) mutants, or vector alone, except yeast were
grown on CSM-URA, the MATa tester strain was BY4741, and yeast were grown for three days
at 23oC prior to imaging.
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Figure 3.8. HMRae** is silenced in cac1 mutants that mimic the unphosphorylated state at
Cdc7p consensus sites.
A) Expression of cac1 mutants. Whole cell extracts prepared from the indicated MATα HMRae**
cac1D::KanMX strains during logarithmic growth were separated on a 10% SDS-PAGE, and
analyzed by immunoblotting with anti-FLAG antibodies (top panel), then stripped, and reprobed
with anti-PGK1 antibodies (bottom panel; loading control). Protein expression levels noted below
blots were quantified as follows and normalized to WT, which was set to 1.0:
(FLAG/PGK1)mutant/(FLAG/PGK1)wild-type, where mutant=indicated strain. B) and C) Patch mating
assays were performed with indicated strains as described in Figure 3.1. Two independent clones
of cac1 S503D/A mutants are shown in C to illustrate variegation
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Figure 3.9. Phosphorylation of Cac1p at S238, S503 and S501, S503 are not required for
silencing at HMR::ADE2.
Yeast with genotypes as indicated were grown overnight in YPD and 2.5 µl of 10-fold serial
dilutions were spotted onto a CSM-URA plate and incubated for two days at 30°C and then
incubated for four days at 4°C prior to imaging. (see Chapter 2.4)
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Figure 3.10. cac1Δ cdc7-90 mutants are hypersensitive to DNA damage.
A) cac1Δ synthetically interacts with cdc7-90. B) Synthetic interaction between cdc7-90 and
cac1Δ is not due to the loss of H3 T45 phosphorylation. Yeast were grown overnight in YPD,
and 2.5 µl of ten-fold serial dilutions were spotted onto either YPD or YPD plates containing the
indicated DNA damaging agent and incubated for two days at 23°C (A) or 30°C (B) prior to
imaging. (See Chapter 2.7)
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Figure 3.11. DNA damage response in cdc7-90 cac1Δ mutants.
A) Rad53p is activated upon DNA damage in cdc7-90 cac1Δ mutants. B) cdc7-90 cac1Δ
mutants exhibit premature release from checkpoint arrest. Whole cell extracts were prepared
from yeast that were grown logarithmically to ~0.4 OD600/mL, then incubated in YPD containing
200 mM HU for three h. Extracts were separated on 10% SDS-PAGE gels and analyzed by
immunoblotting with anti-Rad53 antibodies followed by incubation with Alexa Fluor 680 antirabbit antibodies (see Chapter 2.6.3).
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Figure 3.12. Synthetic interaction analyses of DNA damage sensitivity of cac1 S501, 503 and
pol30 mutants.
A) and B) Yeast with genotypes as indicated were grown overnight in CSM-URA, and 2.5 µl of
ten-fold serial dilutions were spotted onto either CSM-URA plates or CSM-URA plates
containing the indicated dosages of DNA damaging agents or exposure to UV and incubated for
two days at 30°C prior to imaging (See Chapter 2.7).
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Figure 3.13. Synthetic interaction analyses of DNA damage sensitivity of cac1 S238, 503 and
pol30 mutants.
A) and B) Yeast with genotypes as indicated were analyzed as in Figure 3.12.
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Figure 3.14. Model: Cdc7p modulates SAS-I-dependent acetylation of H4 K16 via
phosphorylation of CAF-1.
Cdc7p-dependent phosphorylation of CAF-1 may regulate cell cycle-dependent interactions
between CAF-1 and SAS-I, PCNA, DNA or another factor during replication-coupled chromatin
assembly. cdc7 mutants exhibit defects in this pathway, resulting in hypoacetylation of H4 K16,
which restores silencing at HMRae**.
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CHAPTER 4: ASF1p AND CAF-1 PROMOTE H4 K16AC
INDEPENDENTLY OF RTT106

4.1 Introduction
Replication-coupled chromatin assembly is a multi-step, multi-pathway process
coordinated by histone modifying proteins, histone chaperones, and replication factors. In
Saccharomyces cerevisiae, the chromatin assembly factors Asf1p, Rtt106p, Hif1p, and
the CAF-1 complex, consisting of Cac1p, Cac2p, and Cac3p, coordinate the assembly of
H3-H4 into nucleosomes on newly synthesized DNA (18,25,78,242,243). In humans the
functions of these proteins seem mainly conserved as homologs of CAF-1, Asf1p, and
Hif1p exist and are respectively named CAF-1, ASFA/ASF1B, and NASP (16,244-246).
Similar to Hif1p, NASP is able to bind H2A-H2B dimers, H3-H4 dimers, or sNASP can
dimerize and bind H3-H4 tetramers, as well as interact with ASF1A/B (247-250). The
human protein DAXX contains a Rtt106p-like acidic domain and acts as a H3-H4 histone
chaperone, but current evidence shows that Daxx exclusively binds to the H3 histone
variant H3.3 and only functions in replication-independent chromatin assembly (251),
which is in in contrast to Rtt106p (251,252). The interactions that occur within this
network of replication-coupled H3-H4 nucleosome assembly pathways, how these
pathways are regulated, and, in turn, influence histone modification patterns remains
poorly understood. However, defects in these pathways result in altered histone
modification patterns across the genome, defects in epigenetic processes, and altered
responses to a variety of stressors ranging from oxidative stress to DNA damage
(20,142,253-256).
During replication-coupled chromatin assembly, evidence is mounting that
chromatin assembly factors can promote stage-specific histone modifications, and these
histone modifications may help direct histones to specific assembly pathways within the
network. In replication-coupled chromatin assembly, Asf1p binds to histone H3-H4
dimers (30,31), whereas CAF-1 and Rtt106p both bind to H3-H4 dimers as well as (H3H4)2 tetramers (26-29,94). In budding yeast, newly synthesized H3 histones are
acetylated at K56 in S phase by the acetyltransferase Rtt109p, which requires H3-H4 to
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be in a complex with Asf1p for the acetylation event to occur (22,167,168). The loss of
H3 K56 acetylation, H3 K56ac, results in a decrease in the amount of H3 that coprecipitates with Cac2p and Rtt106p in vivo (25,26), and H3 K56ac-H4 binds to CAF-1
and Rtt106p with a higher affinity than unacetylated H3-H4 in vitro (25,28,257),
indicating that H3 K56ac promotes the interaction between H3-H4 and CAF-1 as well as
between H3-H4 and Rtt106p. These findings are consistent with Asf1p and CAF-1 only
having partially overlapping functions (17), and support a model in which Asf1p acts
upstream of CAF-1 and Rtt106p during replication-coupled chromatin assembly, and H3
K56ac promotes transfer of histones H3-H4 from Asf1p to CAF-1 or Rtt106p. In humans,
the transfer of H3-H4 from Asf1 (Asf1a and Asf1b) to CAF-1 appears to be conserved
(16,244), but there is currently no evidence implicating H3 K56ac in promoting the
interaction between H3-H4 and CAF-1 in humans (258). In addition to being acetylated,
H3 is also ubiquitinated by Rtt101p primarily at K122, but also at K121 and K125 during
S phase (259). Co-precipitation analyses show that presence of ubiquitinated H3
decreases binding of Asf1p to H3-H4, and increases binding of H3-H4 to Rtt106p, but
does not alter binding of H3-H4 to CAF-1 in yeast in vivo (259). These data are
consistent with the prediction that H3 ubiquitination promotes the transfer of H3-H4 to
Rtt106p directly from Asf1p, but not to CAF-1. In contrast, similar co-precipitation
analyses performed in human cells demonstrated that depletion of the Cul4 E3 ubiquitin
ligase results in decreased association of H3 with both p150, the Cac1p homolog, and
Daxx, implying histone ubiquitination may serve to regulate chromatin assembly
pathway usage in mammals as well (259). In yeast, either CAF-1 or Rtt106p can deposit
histones onto newly synthesized DNA (18,25), however, as Cac2p and Rtt106p coprecipitate in vitro and in vivo (18), H3-H4 might also be transferred between assembly
pathways. Neither ASF1, CAC1, nor RTT106 are essential in budding yeast, and double
or triple mutant combinations are viable (18,25,139,260). Thus, alternative pathways
must function to support packaging of newly replicated DNA in these contexts. In
contrast, depletion of CAF-1 in human cells is required for nucleosome assembly, and
therefore inhibits S phase progression leading to cell death (261,262). In human cells,
depletion of ASF1A/B results in cells accumulating in S phase (77) and, in DT40
(chicken) cells, Asf1 is required for cell viability (263). In DAXX-deficient mouse
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embryonic fibroblasts (MEFs), H3.3 is still deposited, indicating alternative histone
deposition pathways exist in mammals as well (251).
Like Asf1p, CAF-1, and Rtt106p, Hif1p has been implicated as a histone H3-H4
chromatin assembly factor (243). Hif1p/NASP uses distinct mechanisms to bind either to
H3-H4 tetramers or H2A-H2B dimers, and Hif1p can also bind to octamers in vitro
(249,264). Hif1p is found in the NuB4 complex with acetyltransferase Hat1p and Hat2p
(243,265) via its interaction with Hat2p (250). Hat1p plus Hat2p make up the HAT-B
complex, which acetylates newly synthesized histones on H4 K5 and 12 (266-268).
Asf1p/H3/H4 interacts with HAT-B or NuB4 in vitro via H3-H4 contacts (250) and the
stability of Asf1p interactions with HAT-B or NuB4 in vivo require Hat2p (19). Although
both HAT-B and NuB4 form complexes with Asf1p/H3/H4 in yeast and in human cells
(19,248,250), their relationship to CAF-1 and Rtt106p-mediated replication-coupled
chromatin assembly pathways remains poorly understood. It is also unclear how H3
K56ac and H3 K122ub affects the interactions of NuB4 with Asf1p and H3-H4.
However, loss of RTT109 does not abrogate the association between Hat2p and Asf1p,
indicating that the absence of H3 K56ac does not have a negative impact on the
interaction between Asf1p and NuB4 (248), but whether H3 K56ac weakens this
interaction is unknown.
Acetylation of H4 K16, H4 K16ac, by SAS-I also occurs during S phase (129).
Asf1p and CAF-1 co-immunoprecipitate with SAS-I (152,182), S phase-specific
increases in H4 K16ac levels are delayed in cac1Δ and asf1Δ mutants, and chromatinassociated H4 K16 is hypoacetylated in cac1Δ and asf1Δ mutants relative to wild-type
(75,129) (Chapter 3, Figure 3.2). These data support a model where H4 K16ac deposition
is regulated in a CAF-1 and Asf1p-dependent manner during replication-coupled
chromatin assembly in S phase. Whether these assembly factors function independently
or together to promote SAS-I-dependent H4 K16ac is unknown and how Rtt106pmediated chromatin assembly influences H4 K16ac has not been explored previously.
Why different histone deposition pathways exist during replication is unclear, but
one possibility is that these different pathways are responsible for the deposition of
distinct modified forms of histones to facilitate the inheritance of active or silenced
epigenetic states. However, the ability of budding yeast to survive in the absence of
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individual or multiple histone chaperones implies that the histone deposition pathways
are partially functionally redundant for aspects of chromatin assembly critical for
viability (142,269,270). Here we show that CAF-1 interacts with Asf1p in a cell cycledependent manner and functions in a pathway independent of RTT106 in silencing by
influencing chromatin-associated H4 K16ac, whereas H4 K16ac is independent of
Rtt106p. Our findings support a model that Rtt106p is functionally separated from CAF-1
downstream of Rtt109p, and H3 K122 differentially affects CAC1, RTT106, and HIF1dependent pathways.

4.2 Results
4.2.1 Loss of CAF-1 and Asf1p, but not Rtt106p or Hif1p, promote silencing at
HMRae**.
Strong evidence supports Asf1p functioning upstream of both CAF-1 and Rtt106p
during DNA replication (22,25-31,94,167,168), but the distinct cellular functions of
CAF-1, Rtt106p, and Hif1p have remained unclear. To evaluate their relationship in
silencing, we first examined silencing at the crippled HMRae** locus. At HMRae**, the
E silencer contains mutated Rap1p and Abf1p binding sites, which prevents Sir protein
recruitment and silencing, resulting in a non-mating phenotype for MATa HMRae** cells
due to simultaneous expression of both a and a mating-type information (74,179).
Silencing at HMRae** is restored in cells lacking ASF1, RTT109, or CAC1
(74,152,161)(Figure 4.1A; Chapter 3, Figure 3.1B). However, in contrast to cac1Δ and
asf1Δ mutants, rtt106Δ and hif1Δ mutants did not restore silencing at HMRae** in patch
mating assays (Figure 4.1A, see also (271)), implying that the silencing phenotype at
HMRae** resulting from loss of ASF1 fell primarily in a CAF-1, rather than a RTT106or HIF1-dependent pathway. Consistent with this observation, H4 K5,12R mutants,
which lack HAT1-dependent acetylation events associated with newly synthesized
histone H4 (267,268), also cannot restore silencing to HMRae** (152).
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4.2.2 Chromatin-associated H4 K16ac does not require RTT106, but is defective in
rtt109Δ mutants.
One possible functionally distinct role for Rtt106p and CAF-1 would be to
assemble differentially modified chromatin during DNA replication. Like in asf1Δ and
cac1Δ mutants, loss of any one of the subunits of the H4 K16-specific acetyltransferase
complex SAS-I (encoded by SAS2, SAS4, or SAS5) also restores silencing to HMRae**
(88,152,180,181) as does a catalytically inactive mutant of SAS2 (152).
As mutants with defects in H4 K16ac restore silencing at HMRae** (74,152), and
loss of CAC1, ASF1, or RTT109, but not RTT106, restored silencing at HMRae** (Figure
4.1A) (74,152,161), we predicted that, like asf1Δ and cac1Δ mutants, rtt109Δ, but not
rtt106Δ, mutants would exhibit defects in H4 K16ac. To test this prediction, we analyzed
H4 K16ac levels in chromatin fractions isolated from logarithmically growing rtt109Δ,
rtt106Δ, cac1Δ, or sas2Δ mutants relative to wild-type cells. rtt106Δ mutants had similar
levels of H4 K16ac as in wild-type cells. In contrast, reduced levels of H4 K16ac were
observed in rtt109Δ, cac1Δ, and sas2Δ mutants (Figure 4.2, see also (75)). As acetylation
of H4 K16 is cell cycle-regulated (129), one explanation for these observations could
have been that rtt106Δ mutants were enriched in S phase cells, whereas the other mutants
had accumulated outside of S phase. However, when we monitored the cell cycle
distribution of logarithmic cultures of each mutant as well as wild-type by flow
cytometry, their cell cycle distributions were similar (Figure 4.1B). Together, these
results were consistent with H4 K16 hypoacetylation at HMRae** restoring silencing
(see

also

(74,152))

and

deposition

of

H4

K16ac

occurring

through

an

Asf1p/Rtt109p/CAF-1-mediated pathway that functioned independently of Rtt106p.
4.2.3 Sas5p association with chromatin is enhanced in the absence of RTT106.
We have previously demonstrated SAS-I interacts with PCNA, and this
interaction is disrupted when cells express pol30 mutants with defects primarily in Asf1por CAF-1-dependent chromatin assembly pathways (75). This data, along with the
observation that chromatin-associated H4 K16ac levels are also decreased in pol30,
cac1Δ, and asf1Δ mutants, but not in rtt106Δ mutants (75)(Figure 4.2), are consistent
with a model in which recruitment of SAS-I to chromatin may be chromatin assembly
pathway-specific. As a test of this model, we analyzed Sas5p levels in chromatin
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fractions isolated from wild-type, cac1Δ, rtt106Δ, and asf1Δ mutants by immunoblotting.
Sas5p levels were increased in rtt106Δ mutants relative to wild-type (p=0.03), in contrast
to cac1Δ or asf1Δ mutants, which had similar levels of Sas5p associated with chromatin
as wild-type (Figure 4.3), and this enrichment was not due to elevated levels of cells in S
phase relative to wild-type (Figure 4.1B). Together, these observations are consistent
with chromatin assembly being redirected through CAF-1 and/or Asf1p-mediated
pathways in the absence of RTT106, resulting in elevated SAS-I association with
chromatin. The above findings also implied that recruitment of SAS-I to bulk chromatin
was not sufficient to generate wild-type levels of H4 K16ac.
4.2.4 Asf1p interacts with Cac1p and Rtt106p in a RTT109-dependent manner in vivo.
We next explored protein-protein interactions amongst these factors in live cells
to clarify the relationship between these assembly factors during chromatin assembly. As
the interactions between H3 and Rtt106p or Cac1p are promoted by H3 K56ac (25,28),
we predicted that previously observed interactions between Asf1p and Rtt106p or Cac1p
may require RTT109 (81,188). To test this, we first assessed interactions between Asf1p
and Cac1p, by measuring the lifetime of GFP in live cells expressing either Asf1p-GFPp
alone, or Asf1p-GFPp plus Cac1-mCherryp or negative control Spc29-mCherryp by
fluorescence lifetime imaging microscopy and fluorescence resonance energy transfer
(FLIM-FRET). In FLIM-FRET, if a FRET interaction between the donor (GFP)-tagged
protein and the acceptor (mCherry)-tagged protein occurs, the lifetime of the donor will
decrease relative to the cells expressing only the donor-tagged protein. In this analysis,
the lifetime of GFP in small-budded cells expressing both Asf1p-GFPp and Cac1mCherryp decreased relative to that observed in cells expressing Asf1p-GFPp alone or
the Spc29-mCherryp control (Figures 4.4A, 4.4B and 4.5A, 4.5B). To quantitate these
protein-protein interactions, FRET efficiency between Asf1-GFPp and Cac1-mCherryp
was calculated from the lifetimes obtained from the TCSPC decay histograms that were
fitted with a double exponential function. The FRET efficiency of Asf1p-GFPp with
Cac1-mCherryp in two independent analyses was 8 or 12%, whereas no interaction was
observed in cells expressing Asf1p-GFPp and the control Spc9-mCherryp (Figure 4.4C
and 4.5C). In contrast, interaction between Asf1-GFPp and Cac1-mCherryp was lost in
non-budding cells (Figure 4.4), indicating Asf1p and Cac1p interacted in a cell cycle-
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dependent manner in vivo (25,27). When RTT109 was deleted in these cells, the lifetime
of GFP did not change relative to cells expressing Asf1-GFPp alone, and FRET
interactions were lost in the rtt109Δ mutants, indicating that the interaction between
Asf1p and Cac1p in vivo was RTT109-dependent (Figure 4.5). Consistent with this cell
cycle-dependent interaction being linked to DNA replication-coupled chromatin
assembly, Asf1p interacted with PCNA in similar FLIM-FRET analyses (Figure 4.6), and
we have previously demonstrated that SAS-I and Rtt109p similarly interact with wildtype PCNA, but not with pol30-6p mutants that have defects in ASF1-dependent
pathways, or with pol30-8p mutants that have defects in CAF-1-dependent pathways
(75).
We next assessed interactions between Asf1p and Rtt106p. The lifetime of GFP
was measured in live cells expressing either Rtt106-GFPp or Rtt106-GFPp plus Asf1mCherryp. Similarly, a decrease in the lifetime of GFP was observed in small-budded
cells expressing both the Rtt106-GFPp and Asf1-mCherryp relative to cells expressing
Rtt106-GFPp alone or the Spc29-GFP control, indicating that Asf1p also interacted with
Rtt106p in vivo (Figure 4.7A, 4.7B) (see also (25,259)). The FRET efficiency between
Rtt106-GFPp and Asf1-mCherryp was calculated as above, and the FRET efficiency of
Rtt106-GFPp with Asf1-mCherryp was 12% (Figure 4.7C). Loss of RTT109 in Rtt106GFPp Asf1-mCherryp cells resulted in a lifetime of GFP that was similar to that of cells
expressing Rtt106-GFPp alone (Figure 4.7A, 4.7B) and FRET interactions were lost in
the rtt109Δ mutants (Figure 4.7C), indicating that the interaction between Rtt106p and
Asf1p was also dependent on RTT109 (Figure 4.7). Thus, these data imply that not only
does Rtt109p/H3 K56ac play a role in promoting transfer of histones from Asf1p to CAF1 or Rtt106p, but also that RTT109 is required for association of Asf1p with CAF-1 or
Rtt106p in vivo.
4.2.5 Overexpression of SAS2 suppresses silencing at HMRae** in rtt109Δ mutants.
Combined, the observations that loss of H4 K16ac (74,75,152) (Chapter 3, Figure
3.2), H3 K56ac (74) (Figure 4.9A), RTT109 (74) (Figure 4.8A), ASF1 (74,152) or CAC1
(161)(Figure 4.1A; Chapter 3, Figure 3.2) restore silencing at HMRae**, and Rtt109 was
required for interactions between Asf1p and Cac1p (Figure 4.5), implied that Rtt109p and
H3 K56ac function upstream of H4 K16ac. Consistent with this model, chromatin-
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associated H4 K16ac was decreased in rtt109Δ mutants relative to wild-type (Figure 4.2),
loss of RTT109 restored silencing at HMRae** in patch matting assays (74), and this
silencing was suppressed to varying degrees in individual rtt109Δ clones overexpressing
SAS2 (Figure 4.8A, 4.8B). To determine if the observed suppression was stable, several
colonies from single parental clones were expanded individually and analyzed by patch
mating. These subclones also varied in their ability to mate (Figure 4.8B). Thus,
overexpression of SAS2 could derepress silencing at HMRae** in rtt109Δ mutants, but in
a variegated manner.
4.2.6 H3 K122Q, but not K122A or K122R, restores silencing at HMRae**.
Recently, ubiquitination of H3 has been proposed to promote the transfer of
histones from Asf1p to Rtt106p based on observations that in cells with defects in H3
ubiquitination by Rtt101p, H3 co-precipitation with Asf1p is increased, and coprecipitation of H3 with Rtt106p is reduced, whereas co-precipitation between Cac2p and
H3 is unaffected (259). Thus, we predicted that if loss of ubiquitination of H3 disrupted a
RTT106-mediated chromatin assembly pathway, then H3 mutants with defects in
ubiquitination would phenocopy rtt106Δ mutants. To test this, we analyzed silencing at
HMRae** in H3 K122A, H3 K122R and H3 K122Q mutants as K122 is the primary
residue on H3 that is required for ubiquitination of H3 by Rtt101p (259). Similar to
rtt106Δ mutants, H3 K122A and H3 K122R mutants did not restore silencing at
HMRae** (Figures 4.9A, 4.9B). In contrast, H3 K122Q mutants partially restored
silencing at HMRae** (Figure 4.9B).
4.2.7 Asf1p interacts with Cac1p in a RTT101-dependent manner in vivo.
To assess if rtt101Δ mutants could potentially disrupt CAC1-mediated pathways,
we tested whether RTT101 was required for interactions between Asf1p and Cac1p in
vivo. In this analysis, rtt101Δ yeast expressing Asf1-GFPp and Cac1-mCherryp were
analyzed by FLIM-FRET. The lifetime of Asf1-GFPp in cells expressing both Asf1GFPp and Cac1-mCherryp did not change and the FRET interaction between Asf1-GFPp
and Cac1-mCherryp was lost in the absence of RTT101 in small budded cells (Figure
4.10). Thus, loss of RTT101 appeared to adversely affect interactions between CAF-1 and
Asf1p, without disrupting CAF-1’s ability to bind histones (259) (see Section 4.3).
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4.2.8 H3 K122 mutants and cac1Δ, but not rtt106Δ, display synthetic silencing defects.
To further explore the role of RTT101-dependent ubiquitination of H3 in
silencing, we analyzed synthetic effects on silencing between H3 K122 mutants and
cac1Δ or rtt106Δ mutants using the HMR::ADE2 reporter locus (Figure 4.11). In wildtype cells, HMR::ADE2 is silenced and colonies are red in color. However, if mutant
yeast have defects in silencing, their colonies may be pink, sectored, or white, depending
on the nature of the silencing defect. Wild-type cells expressing H3 grew as red colonies
(Figure 4.11), whereas expression of H3 K122R in otherwise wild-type cells resulted in
colonies becoming light pink, which indicated a silencing defect in the presence of a
positive charge plus the absence of ubiquitination at this residue (Figure 4.11A).
However, expression of H3 K122Q (Figure 4.11A) or H3 K122A (Figure 4.11B, 4.11C)
in an otherwise wild-type cell resulted in darker pink colonies, indicating H3 lacking both
a positive charge and ubiquitination at this residue resulted in milder silencing defects
than H3 K122R. cac1Δ mutants grew as sectored colonies, but when combined with H3
K122A or H3 K122R, the colonies were white (Figure 4.11). This synthetic interaction
between cac1Δ and H3 K122A demonstrated Cac1p and H3 K122ub operate in separate
pathways in regards to silencing HMR::ADE2. However, expression of H3 K122Q in
cac1Δ mutants did not lead to more severe silencing defects relative to single mutants
(Figure 4.11A), indicating that loss of ubiquitination on H3 per se was not critical for
silencing in this context, rather the charge state present at this residue, or at least the
surface of H3 at this location, was. Expression of any of the H3 K122 mutants in rtt106Δ
cells did not result in any further defects in silencing relative to single mutants (Figure
4.11), which is consistent with Rtt106p and H3 K122ub operating in the same pathway in
regards to silencing of an HMR locus containing a wild-type E silencer.
4.2.9 H3 K122Q display synthetic growth defects with rtt106Δ, and H3 K122A/R display
synthetic growth defects with cac1Δ.
To better characterize genetic interactions between H3 K122 and chromatin assembly
pathways, cac1Δ and rtt106Δ mutants expressing H3 K122A/R/Q or wild-type H3/H4
were tested for growth defects under different temperatures, and upon exposure to UV
light by performing serial dilution growth assays (Figure 4.12). cac1Δ mutants expressing
H3 K122A or H3 K122R had more severe growth defects relative to single mutants or
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wild-type at all temperatures tested: 23°C, 30°C, and 35°C, with largest growth defects
observed at both 23°C and 35°C (Figure 4.12). In contrast, cac1Δ H3 K122Q mutants
grew more efficiently than the cac1 H3 K122A or H3 K122R mutants at all temperatures
tested, and cac1Δ H3 K122Q mutants grew with similar efficiency as the H3 K122Q
mutants (Figure 4.12), implying the charge of this residue affected whether the mutant
functioned in a pathway separate from CAC1. Expression of H3 K122A in rtt106Δ
mutants did not adversely affect growth rate or viability (Figure 4.12), whereas rtt106Δ
H3 K122R mutants exhibited a slight growth defect at 23°C and 35°C, but not at 30°C
relative to single mutants (Figure 4.12). However, rtt106Δ H3 K122Q mutants exhibited
a synthetic defect in growth at all temperatures relative to single mutants (Figure 4.12).
Expression H3 K122A/R/Q mutants in cac1Δ mutants resulted in increased sensitivity to
UV light relative to the single mutants. In contrast, the H3 K122A/R/Q rtt106Δ mutants
did not exhibit altered sensitivity to UV compared to the single mutants (Figure 4.12).
Together these results are consistent with the charge state of H3 K122, in addition to the
ubiquitination state, affecting whether this residue synthetically interacted with loss of
CAC1 or RTT106.
4.2.9 Loss of ASF1 or RTT109 suppresses silencing defects in H3 K122R mutants, but
rtt109Δ and H3 K122Q have synthetic silencing defects.
We also tested the effect of H3 K122 mutations in combination with asf1Δ or rtt109Δ
mutants. Expression of H3 K122R in asf1Δ or rtt109Δ mutants resulted in colonies
becoming darker red in color relative to H3 K122R single mutant, consistent with loss of
ASF1 or RTT109 having suppressed silencing defects caused by H3 K122R. In contrast,
like cac1Δ mutants, expression of H3 K122Q in rtt109Δ mutants resulted in white
colonies, demonstrating a synthetic silencing defect relative to either single mutant
(Figure 4.11A). Expression of H3 K122Q in asf1Δ mutants and H3 K122A in rtt109Δ
mutants, resulted in extremely poor growth, which prevented reliable analysis of colony
color. Suppression of the silencing phenotype in asf1Δ H3 K122R or rtt109Δ H3 K122R
mutants implied that loss of either of these assembly factors bypasses the requirement for
a neutral charge or ubquitination at H3 K122 for silencing HMR::ADE2.
We also tested for synthetic effects on growth between H3 K122 mutants and
asf1Δ or rtt109Δ mutants at different temperatures and after exposure to UV light.
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Expression of H3 K122Q, like H3 K122A, in rtt109Δ mutants resulted in severe growth
defects compared to either single mutants at all temperatures and conditions tested
(Figure 4.12). asf1Δ H3 K122R and rtt109Δ H3 K122R mutants had milder growth
defects relative to asf1Δ and rtt109Δ mutants at 30°C, but also exhibited more severe
synthetic growth defects at 35°C (Figure 4.12). When these same double mutants were
exposed to UV, no further increase in growth sensitivity was observed relative to the
single mutants (Figure 4.12). These data support a model in which the charge state of H3
K122 may affect a third nucleosome assembly pathway that is independent of ASF1 and
RTT109.
4.2.10 H3 K122R/Q/A do not display synthetic silencing defects with hif1Δ, hat1Δ, or
sas2Δ.
Due to the physical interactions between Asf1/H3-H4 and NuB4 or HATB
(19,250,272), we next evaluated interactions between H3 K122A/R/Q mutants and hif1Δ
or hat1Δ mutants (Figures 4.11 and 4.12). Expression of any of the H3 K122 mutants in
either hif1Δ or hat1Δ cells did not alter silencing relative to the single histone mutants
(Figure 4.11). However, hat1Δ H3 K122Q mutants exhibited mild growth sensitivity
relative to either single mutant at all temperatures tested (Figure 4.12), and hat1Δ H3
K122R mutants were sensitive to 35oC (Figure 4.12), whereas hat1Δ H3 K122A mutants
did not exhibit sensitivity compared to single mutants (Figure 4.12). In contrast, the
mutated state of H3 K122 did not affect growth in hif1Δ mutants at any temperature
(Figure 4.12). When comparing the growth of these double and single mutants upon
exposure to UV relative to growth at 30°C in the absence of UV, a decrease in growth
was not observed, indicating loss of HAT1 or HIF1 did not adversely affect responses to
UV-induced DNA damage in this context (Figure 4.12).
We next tested if the genetic interactions observed between H3 K122R/Q and
some of the histone chaperones could be related to defects in in chromatin-associated H4
K16ac (75). To test this possibility, we expressed H3 K122R/Q in sas2Δ mutants, but did
not observe further changes in colony color or defects in growth at different temperatures
and upon exposure to UV light relative to the single mutants (Figure 4.12). In contrast,
cac1Δ H3 K122A/R mutants had greater silencing defects at HMR::ADE relative to
single mutants. Therefore, despite CAC1 influencing silencing by affecting H4 K16ac,
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these results are consistent with a model in which CAC1 has a second, SAS2-independent,
function that affects silencing (see Section 4.3).

4.3 Discussion
In this chapter, we demonstrated that CAC1 and RTT106 affected silencing differently via
highlighting their different effects on chromatin-associated H4 K16ac (Figure 4.2). We
then provided evidence that loss of H3 K122 ubiquitination via H3 K122A/R mutants
phenocopied rtt106Δ mutants in regards to restoring silencing at HMRae**, yet the loss
of RTT101 disrupted the interaction between Asf1p and Cac1p (Figure 4.10), indicating
that the ubiquitin ligase affected more than only RTT106-dependent chromatin assembly.
We demonstrated K122 mutations exhibited different genetic interactions in silencing and
in growth (Figures 4.11 and 4.12), indicating that not only ubiquitination, but also the
charge state of K122 could influence chromatin assembly pathways differently.
We demonstrated that loss of CAC1 restored silencing at HMRae**, and a
decrease in chromatin-associated H4 K16ac levels (Figures 4.1A and 4.2, Chapter 3
Figures 3.1C and 3.2) (see also (75)), but deletion of RTT106 did not (Figures 4.1A and
4.2). The restoration of silencing by cac1Δ mutants at HMRae** is suppressed upon
overexpression of SAS2 (Chapter 3, Figure 3.1B), implying that restoration of silencing at
this locus is due to hypoacetylation of H4 K16 in chromatin in cac1Δ mutants (75).
Similar phenotypes are observed when ASF1 is deleted; asf1Δ mutants restore silencing
at HMRae** (Figure 4.1A, see also (75)), and exhibit defects in chromatin-associated H4
K16ac (75). Additionally, Cac1p and Asf1p co-precipitate with members of the SAS-I
complex (152,182) and both influence S phase-dependent increases in H4 K16ac (129).
Together, these data and data reported in this study imply that acetylation of H4 K16
during chromatin assembly occurs within an ASF1-RTT109-CAF-1 pathway, exclusive of
a RTT106-mediated pathway. These results support a model in which distinct
modification patterns may be created in different nucleosomes during DNA replication
based on which replication-coupled nucleosome assembly pathway is utilized, which
implies that these partially redundant chromatin pathways may be evolutionarily
conserved to regulate the deposition of specifically modified histones.
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Interestingly, we observed an increase in chromatin-associated Sas5p upon
deletion of RTT106, but did not see a change in recruitment of Sas5p to chromatin in
cac1Δ or asf1Δ mutants (Figure 4.3). However, as SAS-I co-precipitates with Cac1p as
well as Asf1p (152,182), it remains possible that SAS-I can be recruited efficiently to
chromatin in the presence of only one of these binding partners (152). Consistent with
this notion, association of Sas2p with the NTS of the rDNA locus is only lost in asf1Δ
cac1Δ mutants (152). Sas5p also interacts PCNA as measured by FLIM-FRET, but
whether this association is mediated by Asf1p bound to MCM (77) or RF-C (34), Cac1p
bound to Asf1p or PCNA, or another mechanism, or reflects a direct interaction is
unknown (75). However, the interaction between Sas5p and PCNA is disrupted in pol308 mutants, which causes a defect in the interaction between Cac1p and PCNA in vitro
(32), as well as in pol30-6 mutants (75), which have defects primarily in ASF1-dependent
pathways (15). The replisome structure may alternatively be subtly altered in a way that
increases the distance between the fluorophores on SAS-I subunits and PCNA in the
pol30 mutants, thereby disrupting FRET interactions between SAS-I and PCNA, and
efficient histone acetylation, but not the recruitment of SAS-I to chromatin.
Hypoacetylaton of H4 K16 in chromatin from asf1Δ, cac1Δ, and asf1Δ cac1Δ mutants is
not as severe as in sas2Δ mutants (75). Therefore, it also remains possible that SAS-I is
recruited to chromatin by additional mechanisms.
We also demonstrated that H3 K122A mutants did not restore silencing at
HMRae** (Figure 4.9A), and synthetically interacted with cac1Δ, but not rtt106Δ,
mutants in silencing at HMR::ADE2 (Figure 4.11B, 4.11C). These results are consistent
with the possibility that ubiquitination of H3 promotes interaction between Asf1p and
Rtt106p for transfer of histones from Asf1p to Rtt106p, which is further supported by
previous work showing that loss of ubiquitination of H3 by Rtt101p decreases the amount
of H3 that co-precipitates with Rtt106p (259), but does not affect co-precipitation of H3
with Cac2p (259). Additionally, when immobilized Asf1p-H3 K56ac-H4, plus or minus
H3 ubiquitination by Rtt101p, was incubated with Rtt106p, more H3 was pulled down
with Rtt106p when H3 was ubiquitinated, which is consistent with H3ub weakening the
interaction between Asf1 and H3 and promoting the transfer of H3-H4 to Rtt106p (259).
The combination of these data support the model that ubiquitination of H3 promotes
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histones to be processed through a RTT106-mediated pathway. However, deletion of
RTT101 also resulted in loss of interaction between Asf1p and Cac1p (Figure 4.10),
indicating that ubiquitination of H3 may also disrupt the transfer of histones from Asf1p
and Cac1p, but this would require an alternative mechanism for acquisition of histones by
CAF-1 existing as loss of RTT101 does not alter the interaction between H3 and Cac1p in
vivo (259). These data raise the possibility that loss of RTT101 may result in a defect in
H4 K16ac by disrupting the Asf1p to Cac1p chromatin assembly pathway. However, H3
K122A mutants did not restore silencing at HMRae** (Figure 4.9A), implying that lack
of ubiquitination at H3 K122 does not affect H4 K16ac, but this will be tested in the
future. Therefore, RTT101 may have other functions that impact chromatin assembly in
addition to ubiquitinating H3 K122.
To gain a better understanding of how the charge state of H3 122 affected
chromatin assembly, we tested the genetic interactions between H3 K122 A/R/Q mutants
with different chromatin assembly factor mutants. Here we demonstrated that H3 K122A
and H3 K122R primarily synthetically interacted with cac1Δ, asf1Δ and rtt109Δ (Figures
4.11 and 4.12). In contrast, H3 K122Q primarily synthetically interacted with rtt106Δ,
asf1Δ and rtt109Δ (Figures 4.11A and 4.12). These genetic interactions further support a
model in which Cac1p and Rtt106p function in separate pathways and that the charge
status of H3 K122, not necessarily ubiquitination alone, affected which assembly
pathway was utilized during histone deposition. Our findings are supported by previous
studies demonstrating that H3 K122A, R, and Q mutants behave differently in different
assays (30,259,273,274). The H3 K122 residue is near the interaction surface between
Asf1p and H3-H4 (30), the tetramerization surface of H3-H4 (5,30), as well as between
histone-DNA contacts (275). Therefore, the charge of this residue might affect several
interactions. For example, H3 K122Q results in the loss of a salt bridge between K122
and DNA, and may weaken the interaction between histone octamer and DNA (276),
which is supported by the silencing defects in H3 K122Q mutants (Figures 4.11A, see
also (274)). H3 K122 can also be acetylated in other organisms (277,278), but this
modification has yet to be confirmed to occur in budding yeast. In mammals, H3 K122ac
weakens interactions between the histone octamer and DNA in vitro (275)(see also
Figure 4.13) and is associated with increased transcription in vitro and in vivo (278).
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However, H3 K122ac did not affect reconstitution of nucleosomes from purified histones
onto DNA containing a nucleosome positioning sequence (275), indicating that H3
K122ac does not inhibit nucleosome formation. Moreover, these nucleosomes containing
H3 K122ac behaved similarly to unmodified nucleosomes in gel shift analyses and
sucrose gradient centrifugation, indicating H3 K122ac does not greatly affect nuclesome
stability in vitro (275). Therefore, competition between ubiquitination and acetylation of
this residue may exist in some organisms, and these modifications may differentially
regulate chromatin assembly pathways.
One possible explanation for the synthetic interactions observed between asf1Δ
mutants and the H3 K122 mutants is that a third assembly pathway is present (Figure
4.12). One potential third pathway could include HAT-B (Hat1p/Hat2p), as Asf1p/H3-H4
interacts with HAT-B (19,250,272). This prediction is supported by the synthetic
interactions we observed between hat1Δ and H3 K122Q and H3 K122R (Figure 4.12).
Additionally, H4 K5, 12R mutants, which are acetylated by HAT-B, synthetically interact
with rtt109Δ and H3 K56R mutants under normal growth conditions and in the presence
of DNA damage agents (25), which is consistent with HAT-B and Asf1p functioning in
independent pathways.
H3 acetylated at K56 is a preferred substrate of Rtt101p, and mutants that result in
a loss of H3 K56ac cause a reduction in ubiquitinated H3 (259), which is consistent with
H3 K56ac by Rtt109p being upstream of H3 K122 ubiquitination. However, asf1Δ and
rtt109Δ mutants genetically interacted with both H3 K122R and H3 K122Q, which
supports the existence of a third replication-coupled chromatin assembly pathway
(discussed above). Alternatively, it is also possible that because loss of H3 K56ac
decreases the interaction between H3 and Rtt106p or Cac2p in vitro and in vivo (25,28),
that the combined loss of both H3 K122 modification and H3 K56ac just further disrupts
the interactions of Rtt106p and CAF-1 with histones. We also demonstrated that Asf1p
interacted with Cac1p and Rtt106p in a RTT109-dependent manner (Figures 4.5 and 4.7),
consistent with previous work showing H3 K56ac promotes interactions between H3 and
Cac2p and between H3 and Rtt106p (25), implying that H3 K56ac promotes transfer of
histones from Asf1p to Cac1p and to Rtt106p through direct physical interactions in the
cell. However, as expression of RTT109 is cell cycle-regulated and correlates with peak
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levels of H3 K56ac (22), it is not clear whether H3 K56ac, Rtt109p, or both play a role in
mediating the interaction of Asf1p with Cac1p or Rtt106p. Together, these results imply
that despite H3 K56ac functioning upstream of H3 K122ub, mutation of H3 K122 causes
further disruption in nucleosome assembly pathways, indicating that H3 K122 mutants
cause defects in a third nucleosome pathway or results in greater defects within CAF-1
and/or RTT106-mediated pathways by influencing their interactions with H3-H4.
Collectively, our data support a model in which multiple nucleosome assembly
pathways influence the establishment and maintenance of different epigenetic states, and
that modification of H3 K122 may be an important regulator of these pathways that has
the potential to influence epigenetic states. Therefore, our data underlies the importance
of nucleosome assembly in customizing the epigenetic code during replication, and
demonstrate the potential of such modifications to regulate usage of different replicationcoupled chromatin assembly pathways.
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Figure 4.1. Loss of Rtt106p does not restore silencing at HMRae**.
A.) Patch Mating Assay. Cells with the indicated genotypes were grown on YPD at 30°C
overnight, then were replica plated onto either minimal media (YM plate) with a MATa lawn
(JRY2726) and were grown at 30° for two days prior to imaging. Only cells that were silenced at
HMRae** mated and grew as diploids on the MATa plate. B.) Flow Cytometry. Yeast with the
indicated genotypes were grown logarithmically in YPD at 30oC prior to harvesting to assess cell
cycle distribution by Flow Cytometry as per Chapter 2.8.
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Figure 4.2. In contrast to asf1Δ, cac1Δ, and rtt109Δ mutants, rtt106Δ mutants do not have
defects in chromatin-associated H4 K16ac.
A) The relative level of chromatin-associated H4 K16ac in each strain was determined by
quantitative protein blot analyses, was normalized to H3, and expressed relative to that observed
in wild-type cells, which was set to 1. (see Chapter 2.5-2.6.1). Avg, ± St. Dev., n=3. *P ≤ 0.03,
Wilcoxon rank-sum test B) Immunoblot analysis of H4 K16ac and H3 levels in chromatin
fractions isolated from indicated genotypes. Immunoblot shown is representative of three
biological replicates used to generate quantification data in Table 1 (see Chapter 2.5, 2.6.1).
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Figure 4.3. Chromatin associated Sas5p is elevated in rtt106 mutants.
A) The relative level of chromatin-associated Sas5-YFPp in each strain was determined by
quantitative protein blot analyses, was normalized to Pol30p and expressed relative to that
observed in wild-type cells, which was set to 1 (see Chapter 2.5, 2.6.2). Avg, ± St. Dev., n=3. *P
≤ 0.03, Wilcoxon rank-sum test. B) Immunoblot analysis of Sas5-YFP and PCNA levels in
chromatin fractions isolated from indicated genotypes. Immunoblot shown is representative of
three biological replicates used to generate quantification data in Table 2 (see Chapter 2.5, 2.6.2).
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Figure 4.4. Asf1p and Cac1p interact in a cell cycle-dependent manner.
A.) Confocal fluorescence lifetime images of GFP in small-budded live cells expressing the
fluorescently-tagged proteins as indicated. White scale bar on images represents 5 µm FLIM scale
bar: 2 nanoseconds, blue; 3 nanoseconds, red. B.) The average lifetime of GFP in indicated
strains. C.) FRET efficiency of indicated strains. Error bars represent the standard deviation of
ten FLIM measurements taken for each genotype (see Chapter 2.3)
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Figure 4.5. Cac1p and Asf1p interact in a RTT109-dependent manner in vivo.
A) Confocal fluorescence lifetime images of GFP in small-budded live cells expressing the
fluorescently-tagged proteins as indicated. White scale bar on images represents 5 µm. FLIM
scale bar (right of images): 1 nanoseconds, blue; 3 nanoseconds, red. B) The average lifetime of
GFP in indicated strains. C) FRET efficiency of indicated strains. Error bars represent the
standard deviation of ten FLIM measurements taken of each sample (see Chapter 2.3)
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Figure 4.6. Asf1p interacts with PCNA in vivo.
A.) Confocal fluorescence lifetime images of GFP in small-budded live cells expressing the
fluorescently-tagged proteins as indicated. White scale bar on images represents 5 µm. FLIM
scale bar: 2 nanoseconds, blue; 3 nanoseconds, red. B.) The average lifetime of GFP in indicated
strains. C.) FRET efficiency of indicated strains. Error bars represent the standard deviation of
ten FLIM measurements taken for each genotype (see Chapter 2.3).
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Figure 4.7. Rtt106p and Asf1p interact in a RTT109-dependent manner in vivo.
A) Confocal fluorescence lifetime images of GFP in small-budded live cells expressing the
fluorescently-tagged proteins as indicated. White scale bar on images represents 5 µm. FLIM
scale bar: 2 nanoseconds, blue; 3 nanoseconds, red. B) The average lifetime of GFP in indicated
strains. C) FRET efficiency of indicated strains Error bars represent the standard deviation of ten
FLIM measurements taken of each sample (see Chapter 2.3).
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Figure 4.8. Overexpression of SAS2 suppresses silencing at HMRae** in rtt109Δ mutants.
A) Overexpression of SAS2 in rtt109 mutants disrupts silencing at HMRae**. Cells with the
indicated genotypes were grown on YPD at 30°C overnight, then were replica plated onto either a
MATa lawn on minimal medium or rich medium and were grown at 30°. Only cells that are able
to mate and become diploid can grow on the MATa plate. B) Overexpression of SAS2 in rtt109Δ
results in variegated suppression of SIR2-dependent silencing at HMRae**. Individual
colonies of clones with the indicated genotypes were expanded and grown as individual patches
on YM-LEU plates at 30°C overnight, then were replica plated onto either a MATa lawn
(JRY2726) on minimal medium, or rich medium (YPD), and were grown at 30° for two days.
Cells grown on the YM-LEU plate were also replica plated onto a YPD plate containing 300 µM
dihydrocoumarin (DHC) to inhibit Sir2p (279-281) grown at 30°C overnight, and then replica
plated as above.
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Figure 4.9. H3 K122A and H3 K122R do not restore silencing at HMRae**.
A.) Patch mating assay. Cells with the indicated genotypes were grown on YPD at 30°C
overnight, then were replica plated onto either minimum media (YM plate) with a MATa his4
lawn (JRY2726) or rich medium (YPD plate) and were grown at 30° for two days prior to
imaging. B.) The efficiency of mating of MATα HMRae** cells expressing wild-type H3-H4 to
tester strain JRY2726 (MATa) was determined relative to their plating efficiency (0.16 ± 0.073%,
n = 3), and set to 1. The mating efficiency of each strain relative to MATα HMRae** cells with
wild-type H3 H4 was determined as outlined in Materials and Methods. Avg. ± St. Dev.; n = 3.
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Figure 4.10. Cac1p and Asf1p interact in a RTT101-dependent manner in vivo.
A) The average lifetime of GFP in indicated strains. B) FRET efficiency of indicated strains.
Error bars represent the standard deviation of ten FLIM measurements for each genotype (see
Chapter 2.3)
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Figure 4.11. Impact of H3 K122 mutants on silencing HMR::ADE2
A.) H3 K122R synthetically interacts with cac1Δ, and H3 K122Q synthetically interacts
with rtt106Δ. B, C.) H3 K122A displays synthetic silencing defects with cac1Δ and rtt109Δ,
but not rtt106Δ, hif1Δ, or hat1Δ. Cells with the indicated genotypes were grown in YPD at 30°C
overnight, then spotted onto a YPD plate in ten fold serial dilutions, and grown for two days at
30°C. Cells were then incubated at 4°C for four days prior to imaging.
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Figure 4.12. H3 K122A/R demonstrate different synthetic growth defects with chromatin
assembly mutants than H3 K122Q.
Cells with the indicated genotypes were grown in YPD at 30°C overnight and then spotted onto a
YPD plate, and grown at the temperature indicated or were then treated with either 50 J/m2 or 100
J/m2 of UV light as indicated and grown at 30°C for two days prior to imaging.
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Figure 4.13. Visualization of the location of H3 K122 and H3 K56 in the nucleosome.
H3 K122 and H3 K56 residues are highlighted in red and labeled on the crystal structure of the
yeast nucleosome (PDB: 1ID3, (282)). H3 (blue), H4 (green), and DNA (tan) are displayed, but
H2A and H2B are hidden.
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CHAPTER 5: PERSPECTIVE AND FUTURE DIRECTIONS

5.1 Discussion
5.1.1 Regulation of Silencing via H4 K16ac
Both of these studies (Chapters 3 and 4) indicate different ways in which the
deposition of H4 K16ac could be regulated. These studies provide insight into potential
regulatory mechanisms of not only H4 K16ac in yeast, but potentially of other histone
modifications in yeast and other organisms as well. We demonstrated that defects in
CDC7 results in silencing defects as well as chromatin-associated H4 K16ac and
provided evidence that this likely occurred by Cdc7p regulating Cac1p activity. We also
demonstrated that regulation of silencing by modulating chromatin-associated H4 K16ac
occurred independently of RTT106, indicating that CAF-1 and Rtt106p have disparate
functions in regards to H4 K16ac deposition and how they influence silencing.
We demonstrated cdc7-90 and cac1Δ mutants both restore silencing at HMRae**
in a SAS2-dependent manner and that both of these mutants have a decrease in chromatinassociated H4 K16ac. These results indicated that Cdc7p influences silencing, in part,
through its effects on chromatin-associated H4 K16ac levels, likely through regulating
Cac1p activity. This model is further supported by the restoration of silencing at
HMRae** by the expression of S238A or S503A, indicating that the phosphorylation
state of Cac1p residues that are targeted by Cdc7p can influence silencing. As discussed
in Chapter 3, we predict that the phosphorylation of S238 regulates Cac1p’s interaction
with PCNA, while the phosphorylated state of S503 may influence the interaction of
Cac1p with DNA, which may, in turn, also disrupt it’s interaction with PCNA, or S503
could potentially affect CAF-1’s interaction with another binding partner, such as SAS-I.
Consistent with H4 K16ac being regulated by a Cdc7p-CAF-1 pathway, the acetylation
of H4 K16 is catalyzed during S phase by SAS-I and is promoted by Cac1p and Asf1p,
but this modification doesn’t appear to be incorporated during transcription-coupled
chromatin assembly, indicating that this modification is likely incorporated during
replication-coupled chromatin assembly (129). Having a better understanding of how cell
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cycle-dependent kinases regulate replication-coupled chromatin assembly may provide
insights into similar regulatory mechanisms in yeast and in other organisms. For example,
two sites on p150 that are phosphorylated in vivo that match the consensus sites of CDC7
fall within the WHD of p150. Previous attempts to map the phosphorylation sites of p150
through truncation mutants indicated the potential for multiple phosphorylation sites of
p150, indicating that CDC7 may influence p150 function through multiple sites in a
similar manner as it does in yeast. Another example of how a cell cycle-dependent kinase
may potentially regulate replication-coupled chromatin assembly is that Cdc7p also
phosphorylates Rtt106p in vitro (131), but the significance of this phosphorylation even
is unknown. Cdc28p, also phosphorylates Cac1p in vitro, indicating that Cac1p may be
regulated by more than one cell cycle-dependent kinase (131). Other examples of this
type of regulation are also found in humans. In addition to CDC7-DBF4 phosphorylating
p150 (137), ASF1A and ASF1B are phosphorylated by the kinases TLK1 and TLK2 in
vitro and in vivo (283), which enhances the interaction between ASF1 and histones as
well as with other histone chaperones in vivo (284). Additionally, cell cycle-dependent
recruitment to centromeres of HJURP a CENP-A-specific histone chaperone is regulated
by phosphorylation that is linked to CDK activity (285). These recent studies along with
my results demonstrating the impact the mutation of Cac1p phosphorylation sites has on
silencing indicates that cell cycle-dependent kinases play a general role in regulating
replication-coupled chromatin assembly and the maintenance of histone modifications
among eukaryotes.
cac1Δ and rtt106Δ mutants demonstrate different silencing defects (Chapter 4,
Figures 4.1A and 4.11) (18). We also showed that the deletion of CAC1 chromatinassociated H4 K16ac levels are decreased, but the deletion of RTT106 does not have an
effect (Chapter 4, Figure 4.2), indicating that the deposition of H4 K16ac is independent
of Rtt106p function. Therefore, H4 K16ac appears to also be regulated by the pathway in
which the histones are transferred through during replication-coupled chromatin
assembly. H4 K16ac is conserved in higher eukaryotes, but evidence supports that this
modification is deposited through a different mechanism than demonstrated in yeast.
MOF, the human ortholog of Sas2, is targeted to specific sites instead of being more
ubiquitously incorporated during S phase (223), and interactions between MOF and other
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histone chaperones have not been observed to our knowledge. Therefore, it is unlikely
that H4 K16ac is deposited in the same way in human cells. The human histone
chaperones CAF-1 and Daxx, which contains a Rtt106-like acidic domain, could
potentially influence the deposition of different histone modifications as we observed in
yeast (251). Consistent with a similar regulatory mechanism being conserved in humans,
knockdown of p150 increases the expression of a randomly integrated silenced GFP
reporter gene and decreases the association of the repressive histone marks H3 K9me and
H3 K20me at this locus (286). CAF-1 has also been found to be in a complex with
SET1DB1, the H3 K9 methyltransferase (287), supporting the possibility that H3 K9me
deposition may occur exclusively through a CAF-1-mediated pathway in humans.
5.1.2. The role of Rtt101p and H3 K122 modification in chromatin assembly
In this study, we also explored roles RTT101 and modification of H3 K122 may have on
RTT106- and CAC1-mediated chromatin assembly pathways. Rtt101p preferentially
ubiquitinates H3 122, but also ubiquitinates H3 K121 and K125 (259). As ubiquitination
of H3 by Rtt101p is predicted to promote the transfer of H3-H4 from Asf1p to Rtt106p,
we predicted that mutants that lose ubiquitination at these sites would act similarly to
rtt106Δ mutants. Here we showed that H3 K122A mutants, which results in the loss of
detectable ubiquitinated H3 (259), did phenocopy rtt106Δ mutants and did not restore
silencing at HMRae** (Figures 4.1A and 4.9A). This data is consistent with H3ub
promoting the transfer of H3-H4 from Asf1p to Rtt106p and functioning in a CAF-1independent pathway. In contrast, the loss of interaction between Asf1p and Cac1p that
was observed by FLIM-FRET upon deletion of RTT101, leads to the prediction that
rtt101Δ mutants may restore silencing at HMRae** via perturbing Cac1p function
(Figure 4.10). Therefore, analyzing the restoration of silencing at HMRae** in rtt101Δ
mutants is an immediate future goal.
To gain a better understanding of the function of H3 ubiquitination without
disrupting other Rtt101p functions, we expressed H3 K122A, R, or Q mutants in cells
with defects in replication-coupled chromatin assembly. Upon exploring the genetic
interactions between H3 K122 and chromatin assembly factors, we discovered that the
charge state of H3 K122 mutants influenced the genetic interactions that we observed.
For example, the H3 K122A/R mutants synthetically interacted with cac1Δ in silencing
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and growth, whereas H3 K122Q mutants exhibited synthetic growth defects with rtt106Δ
mutants (Figures 4.11 and 4.12). One possible explanation for these results is that H3
K122A/R disrupts the RTT106-chromatin assembly pathway as originally predicted by
Han et al (259), and these synthetic interactions are similar to those of cac1Δ rtt106Δ
mutants. The genetic interactions observed between H3 K122Q and rtt106Δ mutants
could reflect defects in transcription-coupled chromatin assembly (288-291), or could be
due to an additive defect in maintaining histones in proper positions to regulate
transcription appropriately. However, all of the tested H3 K122 mutants have
demonstrated similar defects in transcription in yeast (291), indicating that H3 K122Q
doesn’t alone result in these defects, but it’s possible that in combination with rtt106Δ,
the defects become more severe. As H3 K122 is involved in histone-DNA contacts,
mutation from K to Q would neutralize the positive charge at this residue, weakening the
interaction (276). K to Q mutation also mimics acetylation, which increases nucleosome
mobility and transcription in vitro (275,278). As H3 K122 can be ubiquitinated or
acetylated in humans (259,292), and despite acetylation of H3 K122 having yet to be
identified in yeast (293,294), we demonstrated how these mutants may serve as a model
to determine how the loss/presence of these different modifications affect chromatin
assembly pathways.

5.2 Future Directions
5.2.1 Characterize the effect S238 and S503 has on CAF-1 function
In this study, we have provided strong evidence for the phosphorylated state of
Cac1p S238 and S503 having an effect on silencing (see Chapter 3). My work provides
strong predictions as to how the phosphorylation of these sites affect CAF-1 function, and
below we outline possible tests for several models. We predicted that mutation of these
sites may be affecting Cac1p’s interaction with either PCNA, SAS-I, or DNA. We could
test how the mutation of CAC1 S238 or S503 affected the interactions between Cac1p and
PCNA or SAS-I by co-immunoprecipitation experiments. CAC1 point mutations could be
made in CAC1-3X FLAG inserted into a plasmid and transformed into a strain with SAS5YFP. CAC1-3X FLAG could then be immunoprecipitated using anti-FLAG antibodies
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and the amount of PCNA and Sas5-YFP that co-precipitates with CAC1-3X FLAG could
be analyzed by immunoblotting.
Phosphorylation of Cac1p by Cdc7p also could serve to regulate Cac1p’s ability
to bind DNA. To test this, we can analyze the ability of the cac1 mutants to bind DNA by
EMSA compared to wild-type Cac1p (226). First the CAC1 genes with S238 and S503
mutations could be cloned into an expression vector and purified from SF9 insect cells
(226). The purified Cac1p protein could then be incubated with labeled DNA and binding
analyzed by EMSA.
5.2.2 Further characterize the genetic interactions between H3 K122A/R/Q and chromatin
assembly factors
Based on data demonstrating a potential link between H3 K122 and defects in
transcription-coupled chromatin assembly, it is possible that some of the genetic
interactions we observed between H3 K122 mutants and chromatin assembly factor
mutants were due to defects in transcription-coupled chromatin assembly instead of
replication-coupled chromatin assembly. To help determine if synthetic interactions
between H3 K122A/R/Q and chromatin assembly factor mutants results from defects in
transcription-coupled or replication-coupled chromatin assembly, we could test if H3
K122 mutants genetically interact with hir mutants, which have been assigned to function
in transcription-coupled chromatin assembly in coordination with ASF1 and RTT106.
Similar genetic interactions of hir mutants combined with H3 K122A/Q/R mutants as
combined with rtt106Δ mutants, would be consistent with some of the genetic
interactions we observed being due to transcription-coupled genetic interactions.
Our data best supports a model in which genetic interactions between cac1Δ and
H3 K122A/R are due to defects in the RTT106-dependent pathway that are caused by the
loss of ubiquitination of H3. To further test this model, we could determine if H3
K122A/R caused further synthetic defects when combined cac1Δ rtt106Δ mutants
compared to cac1Δ rtt106Δ mutants. We could also overexpress RTT106 in H3 K122A/R
cac1Δ mutants to test for suppression of the synthetic interactions observed. If H3
K122A/R simply results in a defect in Rtt106p binding to H3-H4, but does not disrupt it,
overexpression of RTT106 may be enough to suppress the effect of H3 K122A/R
mutants. These experiments will help to clarify the exact function(s) of H3 K122 and
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how modification of this residue affects usage of different potential pathways through the
chromatin assembly network.

5.3 Perspective
Maintaining epigenetic states is an important aspect of gene regulation and
misregulation of epigenetic marks has been linked to multiple diseases, including cancer.
Therefore, understanding the processes that are responsible for the maintenance and
inheritance of epigenetic states will better identify how epigenetic modifications are
misregulated in these diseases. Here we provide insight into how these pathways are
regulated and how some of the partially redundant pathways are divided in function in
order to maintain histone modifications and silent chromatin. Known functional
conservation of these chromatin assembly pathways in higher eukaryotes and the
parallels between yeast and humans of the regulatory mechanisms discussed in these
studies continue to support yeast being a strong model system to better understand the
links between replication-coupled chromatin assembly pathways and epigenetic
processes.
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